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Chapter 1 
GENERAL INTRODUCTION 
1.1 Role of Calcium in the Body 
Of all the cations present in human beings calcium is the most abundant. A 70 
kg man contains roughly 2 kg calcium of which 99% is confined in bone. 
Besides bone and teeth formation calcium is used in mammalian cells as a trig­
ger for a variety of processes including muscle contraction, nerve conduction, 
neurotransmitter release, hormone secretion, blood coagulation and the differ­
entiation, motility and division of cells (1). Calcium has the capacity to 
form barely soluble salts with phosphate and oxalate. To prevent soft tissue 
mineralization and bone demineralization it is necessary to precisely regulate 
the extracellular calcium concentration. This is obtained by a number of hor­
mones of which parathyroid hormone, calcitonin and the vitamin D metabolite 
1,25 dihydroxy vitamin D3 are the most important (2). 
The main site of dietary calcium absorption is the small intestine. The vita­
min D metabolite directly regulates this proces, the parathyroid hormone indi­
rectly (5). 
In this chapter the vitamin D metabolism, the morphology and physiology of the 
small intestinal cell, a summary of the current knowledge about intestinal 
calcium transport and intracellular calcium regulation will be discussed. In 
.addition an outline of the studies described in this thesis will be given. 
1.2 Vitamin D Hetabolisa and Action 
The vitamin D endocrine system is involved in calcium and phosphorus homeosta­
sis in birds and mammals (5-8). In the absence of this hormone the intestinal 
absorption of calcium and phosphorus is reduced (8,9), serum calcium concen­
trations decreased resulting in neuromuscular irritability, tetany and some­
times seizures (5,6), bone mineralization impaired (5,6), growth retarded 
either directly or indirectly (5,6), and muscular tone altered (10). 
The active metabolite of vitamin D is 1,25 dihydroxy vitamin D3, formed via 
the intermediate 25-hydroxy vitamin D3 (25(0Н)Вз). The synthesis of 25(0Н)Бз 
occurs in liver microsomes and mitochondria, which contain two different forms 
of vitamin Ds-hydroxylases (11,12). 25(0Н)Оз is the major circulating form of 
vitamin D3 and serves as a precursor for 1,25(0Н)20з and 24,25(ОН)20з (5,6). 
The mitochondria of renal proximal tubular cells contain the enzyme 25(0Н)0з 
lo-hydroxylase, which is stimulated by parathyroid hormone, low serum phospho­
rus concentrations and perhaps directly by low serum calcium concentrations 
(12). 1,25(0Н)20з enters the plasma and is taken up by its primary target tis­
sues: intestine and bone. In the plasma membranes of these tissues receptors 
are present which bind and internalize 1,25(0Н)20з. A cytosolic binding pro­
tein transfers 1,25(0Н)2Вз to the nucleus, where it induces transscriptional 
events leading to the synthesis of specific proteins involved in a number of 
cellular processes. In the intestine 1,25(0Н)20з rapidly increases calcium and 
phosphorus transport (3,5,6). The increased plasma calcium levels reduce para­
thyroid hormone secretion resulting in a decreased 1,25(0Н)20з production (4). 
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Figure 1.1: Structure of a small intestinal villus (reprinted with 
permission from the author, ref 54). 
The other target tissue of 1,25(011)203 is bone. Parathyroid hormone (PTH) and 
1,25(ОН)20з stimulate calcium mobilization from bone to plasma by enhancing 
bone resorption. The third major calcium controlling hormone, calcitonin, 
inhibits this proces (12). Calcitonin is also mentioned as an effector of vit­
amin D3 metabolism although the results are conflicting. Arnoud (13) report­
ed that an increased serum calcium concentration results in decreased PTH and 
increased calcitonin concentrations, leading to decreased 1,25(0Н)20з levels. 
In kidney proximal straight tubules it was found that calcitonin increased 
the production of 1,25(0Н)20з (14). 
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1.3 Structure and Function of the Small Intestine 
In the small intestine the absorption of nutrients takes place. For an effi-
cient absorption the surface area has to be greatly enlarged, this is accom-
plished by folding of the intestinal wall, which contains villi protruding 
into the lumen. The structure of a villus is schematized in Figure 1.1. The 
surface is lined with an epithelium of one cell thick. Two main types of 
epithelial cells can be distinguished: goblet cells which secrete mucopolysac-
charide material protecting the intestinal wall, and columnar or absorptive 
cells involved in transepithelial transport of ions and other substrates (17). 
The base of the villi contains young and undifferentiated cells. They are 
shorter than absorptive cells, more cubical-shaped, and have a less developed 
microvillus structure (see below). When crypt cells maturate and differenti-
ate, they migrate to the upper part of the villus and are extruded into the 
intestinal lumen after 48 hours (18). The nutrients absorbed and digested are 
transported into the blood and lymph vessels inside the villus (Figure 1.1). 
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endoplasmic • 
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Figure 1.2: Structure of an absorptive cel l of the small intestine (reprinted with permission from the author, ref 55). 
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The structure of an absorptive cell is shown in Figure 1.2. Transport of nut­
rients from the lumen into the intracellular compartment is over the brush 
border membrane , consisting of many microvilli enlarging the surface area 
20-fold. The microvilli are coated with a negatively charged glycocalyx. In 
the core of the microvillus is a bundel of fibers made of actin, which extends 
to the terminal web : a meshwork of fibers running parallel to the luminal 
cell surface. This structure is called the cytoskeleton. The cell cytoplasm 
contains organelles like smooth and rough endoplasmic reticulum, mitochondria, 
the Golgi apparatus, the nucleus and lysosomes. On the serosal side is the 
cytoplasm surrounded by the basal and lateral membrane, comparable in struc­
ture to plasma membranes of non-epithelial cells. 
The asymmetric membrane structure is important in understanding the absorptive 
function. Specific enzymes are located in the brush border membrane which 
digest and absorb nutrients. After diffusion through the cytosol ions and 
substrates are extruded across the basolateral membrane to the serosal side 
(19). 
1.4 Calcium Transport Mechanisms in Intestinal Epithelium 
To meet the demands for body calcium homeostasis, considerable amounts of cal­
cium have to be taken up by the small intestine. Humans consume 700-900 mg 
each day and only 30-35% is absorbed by the small intestinal villus cells 
(20). The average uptake is around 200 mg because of intestinal secretion of 
calcium (2). 
In all cells the intracellular free calcium concentration ([Ca2+]c) is main­
tained at a low resting value of 0.1 μΜ (1,21). A wide variety of cellular 
functions are regulated or triggered by fluctuations in [Са 2*^. These fluctu­
ations are the result of receptor activation on the cell surface (21,22). 
Hence intestinal cells are faced with the challenge to transport large and 
variable amounts of calcium and maintain low [Ca2+]c levels. 
The following sections discuss the passive and active calcium transport pro­
cesses across the intestinal epithelium, and intracellular regulatory mecha­
nisms to control [Ca2+]c. 
1.4.1 Paracellular Calcium Transport 
Paracellular or junctional calcium transport takes place via the tight junc­
tions, occurs along the whole intestinal tract and is variable and passive. 
Paracellular calcium transport is driven by favourable electrochemical gradi­
ents or by solvent drag (Δμ or Jv resp., Figure 1.3; ref 23). Luminal volume 
decreases by NaCl absorption resulting in an increase in the 
Ca2+-concentration. This provides the driving force for transport of calcium 
from lumen to blood. The proces is reversible if the luminal 
Ca2+-concentration is lower compared with blood. So passive calcium transport 
is a non-saturable function of the luminal calcium concentration, and is inde­
pendent of the vitamin D hormone or age of the individual (24-26). 
1.4.2 Transcellular Calcium Transport 
Passive calcium transport takes place via the paracellular pathway, active 
transport is of transcellular origin. The active calcium absorption rate is a 
saturable function of luminal calcium with a Km around 1 to 1.5 mM (25-28). It 
is most evident in the proximal part of the small intestine, the duodenum, 
especially during periods of increased calcium needs, i.e. growth, pregnancy, 
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lactation (26,28). Blood 1,25(ОН)2Пз levels and the cellular content of 
vitamin D-dependent calcium-binding protein, the best defined molecular 
expression of 1,25(ОН)20з in intestine, are positively correlated with active 
calcium absorption (25,26,29,30). Using the Ussing-chamber technique, it could 
be shown that 1,25(0Н)20з dependent net calcium absorption is present in 
duodenum, ileum, cecum, and ascending and descending colon of the rat (27,28). 
Transcellular calcium transport can be divided into 1. influx of calcium from 
the lumen into the cell across the brush border membrane, and 2. efflux of 
calcium from the cytosol to the serosal side across the basolateral membrane. 
Brush Border Membrane 
Influx of calcium occurs through the brush border membrane and is primarily 
passive. First, calcium is driven to the intracellular compartment because a 
large, inside-negative potential difference exist over the brush border mem­
brane (31). Second, because the luminal calcium concentration is 1-2 mM, a 
large calcium gradient is present over this membrane (Figure 1.3). A carrier 
or channel must be involved since brush border membrane calcium transport is a 
saturable function of the medium calcium concentration. Also more than one 
mechanism could be involved because high affinity,low capacity and low affini­
ty, high capacity influx systems have been described (32,33). 
It has been shown that 1,25(0Н)20з regulates brush border membrane calcium 
influx by increasing the Vmax without a change in Km (21,26-29). This implies 
an increase in the number or turnover rate of the carriers or channels. 
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Basolateral Membrane 
The free plasma calcium concentration is around 1 mM. Hence (an) active trans­
port mechanism(s) must be present in the basolateral membrane, which trans-
port(s) calcium against an electrochemical gradient from the cytosol to the 
serosal side of the membrane. ATP-dependent calcium uptake into isolated baso­
lateral membrane vesicles with a high affinity for calcium, was shown by 3 
groups at the same time (34-36; Figure 1.3). Moreover Ghijsen et al (37) dem­
onstrated a sharp decreased calcium-pump activity in the distal small intes­
tine compared with their proximal counterparts. This correlates with the fact 
that most active calcium absorption is present in the duodenum (20,23,38). 
It was found that vitamin D has a stimulatory effect on active calcium efflux 
across the basolateral membrane (39-41). The Ca2+-pumping ATPase activity 
was decreased in vitamin D-deficient rats; repletion with 1,25(0Н)2Вз restored 
full activity (37,42). The effect of l,25{Oñ)2Uz w a s o n the Vmax of the pump 
without a change in affinity (37). These observations in rats were confirmed 
in chick duodenum (43). 
Two calcium transporting systems are present in the basolateral membrane: 
besides a calcium-pumping ATPase a Na+-Ca1+ exchange mechanism was established 
(23,44). The driving force of this last system is the Na+-gradient over the 
basolateral membrane. The Na+-K+-ATPase pumps Na+ back to the serosal side in 
exchange for K+ (Figure 1.3). The contribution of Na','-Ca2+ exchange to calcium 
efflux is less well understood. It was calculated that the capacity of the 
exchanger is maximally 20% of the Vmax value of the Ca2+-pumping ATPase (45). 
The hormone 1,25(011)203 has been shown to have no effect on Na+-Ca2+ exchange. 
1.5 Intracellular Calcium Homeostasis 
Besides cAMP and cGMP, Ca2+ is considered to be a second messenger: it relays 
the chemical and electrical messages which arrive on the cell surface to bio-
chemical processes inside the cell. Why was Ca2+ chosen as a second messenger 
and not other ions like Mg2*, Na+, K+, CI" etc.? Second messengers interact 
with proteins which must have a high specificity and affinity for the ion. 
Calcium is most suited for this role because of ionic radius, charge and elec-
tron structure (1). Also intestinal cell functions like secretion and absorp-
tion of electrolytes are regulated by cAMP, cGMP and Ca2+ (46-48). It is gen-
erally believed that an increase in the cytosolic free Ca2+ concentration 
results in a decreased electrolyte absorption and increased secretion in vil-
lus and crypt cells respectively (47,48). 
Because of its second messenger function, it is important that [Ca2+]c is 
carefully controlled around 0.1 μΜ. The membrane bound calcium pumps present 
in the plasma membrane and endoplasmic reticulum have affinities around 
0.1-0.3 μΜ (Km) and thus could be involved in intracellular calcium regula­
tion. Besides endoplasmic reticulum also the mitochondria are capable of accu­
mulating calcium although their affinity is lower. It is generally believed 
that the endoplasmic reticulum is involved in fine-regulation of [Ca2+]c while 
mitochondria accumulate massive amounts of calcium at higher [Ca ]c and thus 
prevent the cell from being flooded with calcium (21). Also the endoplasmic 
reticulum (49) and mitochondria (50) of small intestinal cells are able to 
function as calcium stores. However, the information available about intra­
cellular intestinal calcium transport is scarce and needs further investiga­
tion. 
Besides membrane-bound Ca2+-pumps, also soluble cytosolic Ca2+-binding pro­
teins are able to control [Ca2+]c, but the amounts a soluble protein can bind 
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are limited by the number of protein molecules. The major role of soluble 
proteins in the cytosol may be as mediators of intracellular effects of an 
external signal (1). One of the major Ca2+-binding proteins is calmodulin 
which acts on enzymes that catalyze protein kinases and phosphatases involved 
in cellular regulation processes. Calmodulin has 4 Ca -binding sites. Its 
function is probably regulated by the number of binding sites occupied (1). 
Another Ca2+-binding protein present in the cytosol is vitamin D-dependent 
Ca2+-binding protein (Calbindin D). In the intestine 2 types have been identi­
fied: calbindin with a molecular weight of 26 kD (Calbindin D28k) which has 4 
Ca2+-binding sites, and calbindin with a molecular weight of 9 kD (Calbindin 
D9k) and 2 Ca2+-binding sites (29). Calbindin is involved in active 
Ca2+-transport, as already mentioned earlier (§1.4.2), possibly by enhancing 
diffusion of Ca 2 + through the cytosol (51,52). 
Stimulus Response Coupling 
Some external stimuli which arrive on the cell surface are able to increase 
[Ca2+]c resulting in a cellular response. The increase in [Ca2+]c is accom­
plished by calcium influx from the extracellular compartment across the plasma 
membrane, and by release of calcium from intracellular stores (21). A messen­
ger is needed to relay the message arriving on the cell surface to the intra­
cellular Ca2+-stores. The last few years much effort has been put in elucida­
tion of the metabolism of phosphatidylinositol. In pancreas acinar cells 
inositol 1,4,5-trisphosphate was able to release calcium from an intracellular 
store, probably the endoplasmic reticulum (52). This was confirmed in a vari­
ety of other cells (22). The following hypothesis is now generally accepted: 
an extracellular signal arriving on the cell surface activates plasma 
membrane-bound phospholipase C. This enzyme catalyzes the breakdown of phos­
phatidylinositol 4,5-bisphosphate to inositol 1,4,5-trisphosphate and diacyl-
glycerol, another intracellular messenger which activates protein kinase С 
Inositol 1,4,5-trisphosphate and diacylglycerol are regenerated via an inosi-
tolphosphate and lipid cycle respectively, to phosphatidylinositol 
4,5-bisphosphate (Figure 1.4). Both messengers have no effect on mitochondri­
al calcium handling (22). 
The inositol phosphate-protein kinase С messenger system is in fact much more 
complicated. It is beyond the scope of this study to present a review about 
the current knowledge of intracellular messenger systems. 
The information available about intracellular messenger systems in enterocytes 
is scarce. It remains to be investigated whether inositolphosphates are also 
involved in stimulus-response coupling in intestinal cells. 
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Figure 1.4: The inositol phosphate and lipid cycle (modified from ref 
57). 
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1.6 Aim of this Study 
It is obvious from the preceding sections that regulation of transcellular 
calcium transport and maintainance of low cytosolic free calcium concentra­
tions in the small intestine are complicated processes. Active transepitheli­
al calcium transport is stimulated by the vitamin D metabolite 1,25(011)203. 
This hormone enhances calcium influx in the cell across the brush border mem­
brane, and induces the synthesis of a cytosolic protein, calbindin D, thought 
to be involved in the diffusion of calcium through the cell. Also the efflux 
of calcium across the basolateral membrane by the Ca2+-pumping ATPase seems to 
be regulated by 1,25(011)203. 
In the first part of this thesis the basolateral membrane Ca2+-pumping ATPase 
is investigated in more detail. Is 1,25(ОН)20з controlling the synthesis or 
the turnover of the pump molecules, or has it an indirect effect via calbindin 
D? Intestinal epithelial cells in different stadia of development along the 
villus-crypt axis were isolated. The distribution of Ca2+-pumping ATPase 
activity in purified basolateral membrane vesicles and other calcium related 
parameters is given in chapter 2. Since there is a segmental difference in 
active calcium absorption, the distribution of basolateral membrane calcium 
transport along the small intestine was investigated (chapter 3). The effect 
of 1,25(0Н)20з on Ca2+-pumping ATPase activity in isolated basolateral mem­
brane vesicles is described in chapter 4. The effect of the vitamin D hormone 
on the basolateral membrane lipid composition is discussed in chapter 5. 
The second part of this thesis describes the characterization of intracellular 
calcium stores in rat intestinal villus cells. Radioactive calcium uptake data 
in cells of which the plasma membranes were specifically permeabilized, 
enabled us to characterize mitochondrial and non-raitochondrial calcium stores 
(chapter 6). This chapter also describes whether the inositol 
1,4,5-trisphosphate messenger system is active in intestinal epithelial cells. 
The effect of 1,25(0Н)20з on intestinal calcium stores is described in chapter 
7. A comprehensive subcellular membrane fraction technique was used to delin­
eate Ca2 -pumping ATPase activity in the non-mitochondrial calcium stores more 
thoroughly (chapter 8). 
In the last chapter the results are summarized and a model for the regulation 
of transcellular calcium transport and calcium homeostasis is presented (chap­
ter 9). 
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Distribution of Ca2+-ATPase, ATP-dependent Ca2+-transport, calmodulin and 
vitamin D-dependent Ca2+-binding protein along the villus-crypt axis in 
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The migration of intestinal epithelial cells from the crypts to the tips of villi is associated with progressive cell 
differentiation. The changes in Ca2*-ATPase activity and ATP-dependent Ca2+-transpoit rates in basolateral 
membranes from rat duodenum were measured during migration along the crypt-villus axis. In addition, 
vitamin D-dependent calcium-binding protein and calmodulin content were measured in homogenales of six 
cell populations which were sequentially derived from villus tip to crypt base. Alkaline phosphatase activity 
was highest at the tip of the villus (fraction I) and decreased more than 20-fold towards the crypt base 
(fraction VI). (Na++ К + )-ATPase activity also decreased along the villus-crypt axis but in a less pronounced 
manner than alkaline phosphatase. ATP-dependent Ca2 """-transport in basolateral membranes was highest in 
fraction II (8.2 ± 0.3 nmol C a 2 + / m ' n per mg protein) and decreased slightly towards the villus tip and base 
(fraction V). The youngest cells In the crypt had the lowest Ca2+-transport activity (0.9 ± 0.1 nmol C a 2 + / m ' n 
per mg protein). The distribution of high-affinity Ca2+-ATPase activity in basolateral membranes correlated 
with the distribution of ATP-dependent Ca2+-transport The activity of Na + /Ca 2 + exchange was equal in 
villus and crypt basolateral membranes. Compared to the ATP-dependent Ca2 "'"-transport system, the 
Na + /Ca 2 + exchanger is of minor importance in villus cells but may play a more significant role in crypt cells. 
Calcium-binding protein decreased from mid-villus towards the villus base and was undetectable in crypt cells. 
Calmodulin levels were equal along the villus-crypt axis. It is concluded that vitamin D-dependent calcium 
absorption takes primarily place in villus cells of rat duodenum. 
Introduction 
The biochemical and morphological properties 
of enterocytes change during maturation and 
migration along (he crypt-villus axis. Undif/erenti-
Abbreviations PMSF, phenylmethanesulphonyl fluoride, 
EGTA, ethylene glycol bis(0-ain]noelhyl ether)-/V./V'-le!ra-
acetic acid, EDTA. ethylenediaminetetraacelic acid; HEDTA, 
yV-(2-hydroxyeihyl)eihylenediamine-W,W.W-lriacelic acid, 
Hepes. 4(2-hydroxyethyl)-l-piperazineethane$ulphonic acid 
ated crypt cells display a high mitotic activity [1,2], 
and during maturation the villus cells acquire their 
characteristic enzyme composition, transport sys­
tems and morphology [3-7]. Villus cells have an 
absorptive function, while crypt cells may be re­
sponsible for electrolyte secretion [8,9]. The 
duodenum is the main site of active Ca2 + absorp­
tion and this process is regulated by the vitamin D 
metaboUte 1а,25(ОН)2Оз [10-12]. It is not known 
at present which epithelial cells on the villus-crypt 
axis absorb Ca2+ most avidly in the duodenum. 
0005-2736/85/103 30 С 1985 Elsevier Science Publishers B.V. (Biomedical Division) 
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Since there is no technique available which permits 
in situ analysis of transcellular Ca2+-transport at 
different levels of the villus, we decided to isolate 
enlerocytes from different positions along the vil-
lus-crypt axis In these cell populations various 
parameters were investigated which are thought to 
be related to transcellular Ca^-transport, eg 
Ca2+-ATPase, ATP-dependent Ca2+-transport in 
basolaleral membranes and Ca2+-binding protein 
in whole cells Intracellular Ca 2 + may play a cru­
cial role in regulating absorptive and secretory 
activities of enlerocytes [9,13,14] Since Ca2 >-
ATPase and ATP-dependent Ca2+-lransport in 
basolateral membranes also have an important 
role in the Ca2 +-homeostasis of enlerocytes it is 
from this point of view of interest to know the 
distribution along the villus-crypt axis 
Materials 
Tns-ATP, ohgomycin, theophylline, valmomy-
cin, EGTA, HEDTA and dithiothreitol were from 
Sigma (St Louis) Monensin was from Calbio-
chemicals (La Jolla) 4 3 CaCl 2 (20 mCi/mg) was 
purchased from New England Nuclear (Dreieich, 
F R G ) All other chemicals were of the purest 
grade 
Methods 
Isolation of enlerocytes and basolateral plasma-
membranes 
Different populations of villus and crypt cells 
were isolated according to Harrison and Webster 
[15] Eight male wistar rats between 180 and 210 g, 
fed ad libitum, were killed by a blow on the head 
The first 20 cm of small intestine were removed 
and rinsed with ice-cold 150 mM NaCl, containing 
1 mM dithiothreitol Everted pieces were tied onto 
metal rods and vibrated at 4 0C in 150 mM NaCI 
with 1 mM dithiothreitol with low amplitude (2 
mm) and high frequency (60 Hz) After the first 
minute, shedded debns was discarded The first 
population of cells was collected after a 10 mm 
vibration period in the absence of EDTA (fraction 
I) Subsequent periods of vibration in the presence 
of 2 5 mM EDTA gave the following fractions 10 
mm (fraction II), 10 min (fraction III), 15 min 
(fraction IV), 20 to 25 nun (fraction V) After a 
total of 1 h vibration, crypt cells were harvested by 
scraping Cells collected in the presence of EDTA 
were pelleted (800 X g for 10 mm) and washed 
with ice-cold 150 mM NaCl Homogemzation and 
isolation of basolateral membrane vesicles were 
earned out as previously described [16] 
Enzyme assays 
Protein was determined with a commercial 
Coomassie blue kit (Bio-Rad) using γ-globulin as 
standard ( N a " + K + )-ATPase and Ca2+-ATPase 
assays and Ca2+-uptake studies were done on the 
day of isolation Ca2+-ATPase activity was mea­
sured at 37CC in a medium containing (mM) KCl, 
150, NaN3, 1, ouabain, 4, theophylline, 5, Tns-
ATP, 3, Mg 2 + , 5, Tns-Hepes, 20 (pH 7 4) ATP-
hydrolysis stimulated by 1 μΜ free Ca 2 + was 
considered to be the result of high-affinity Ca2 +-
ATPase activity Ca2+-ATPase was assayed only in 
basolateral membrane fractions [17] ( N a + + K + )-
ATPase, alkaline phosphatase, sucrase, succinic 
acid dehydrogenase, NADPH-dependenl cyto­
chrome с reductase and thiamine pyrophosphatase 
were determined as before [16,17] Latency in 
( N a + + К + )-ATPase activity was studied by in­
cubating homogenates and basolateral membranes 
with Tnton X-100 at 370C for 15 min Tnton 
concentrations for optimal activation of (Na + + 
K+)-ATPase were 0 05 mg Tnton/mg protein for 
homogenates and 0 5 mg Tnton/mg protein for 
basolateral membranes 
Ca1 +-uptake studies 
ATP-dependent Ca2 """-uptake studies were done 
at 370C in an uptake medium containing (mM) 
KCl, 150, MgCl2, 5, Tns-Hepes, 20 (pH 7 4) and 
1 μΜ free Ca 2 + (0 47 mM total Ca2 + ) buffered 
with EGTA, 0 5, and HEDTA, 0 5 The free Ca 2 + 
concentration was calculated as desenbed in detail 
by Van Heeswijk et al [18] ATP-dependent 
Ca2+-uptake rales are defined as the differences 
between Ca2+-uptake rates in the presence and in 
the absence of 3 mM Tns-ATP The uptake 
medium contained 2 μ Ο / ι η ! '' 'Ca The reaction 
was started by adding membranes to the uptake 
medium without ATP After 1 mm an aliquot was 
taken and quenched in 1 ml ice-cold stop solution 
(uptake medium + 0 5 mM LaClj) Membranes 
were collected on Schleicher and Schuil filters 
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(ME25,0.45 μτη). Filters with samples were washed 
twice with 2 ml ice-cold stop solution. 2 mm after 
starting the reaction, 3 mM Tris-ATP was added 
to the uptake mixture and 1 mm later another 
aliquot was taken and filtered as above. 1 mm of 
incubation in the presence of ATP gives initial-rate 
values, while in the absence of ATP there is no 
further increase in Ca2+-uptake after 1 mm of 
incubation [16,18]. Ca2+-uptake studies were run 
in triplicates. 
N a + / C a 2 + exchange activity was measured as 
previously reported [19]. In the absence of ATP, 
Ca2+-uptake via the N a + / C a 2 + exchanger is 
studied with an outwardly directed N a + gradient. 
For this, basolateral membrane vesicles were 
loaded with 150 mM NaCI and diluted 20-fold 
into an uptake medium containing 150 mM KCl, 5 
μΜ free Ca 2 + (0 55 mM total Ca2 + ), 75 /iCi 
'
, 5Ca/ml and 10 ^g/ml valinomycin. Short in­
cubations are carried out by mixing a droplet of 
membrane vesicles pipetted against the wall of the 
test tube, with the uptake medium. By activating 
the vortex for mixing, an automatic pipettor is 
triggered which quenches the uptake reaction with 
a stop solution after a preset time (1-15 s) [18]. 
Assay of Ca2 *-binding protein and calmodulin 
Ca2+-binding protein content of the six cell 
populations was determined by an equilibrated 
chromatographic column procedure [20,21]. The 
cells were homogenized and centnfuged at 100000 
X g for 1 h. 8 mg of the lyophylized redissolved 
supernatant were chromatographed on a Sephadex 
G-50 (fine) column (100 X 0.6 cm) which was pre­
viously equilibrated with 0.02 M ammonium 
acetate (pH 7 2) containing 10 μΜ CaClj and 
5000 cpm "^Ca/nmol Ca. The area of the second 
peak is proportional to the amount of Ca2+-bind-
ing protein loaded onto the column [21] (2 nmol 
Ca bound = 1 nmol Ca2+-binding protein). 
Calmodulin content of the six cell populations 
was determined as follows: homogenates of the six 
cell populations were centnfuged at 100000 X g 
for 1 h. The supernatant was purified after Teo et 
al. [22]. The pellet was dialyzed and treated as 
described by Teo et al. [22]. The purified cytosolic 
fraction and the membrane fraction were used for 
gel electrophoresis and in a phosphodiesterase as­
say. SDS-polyacrylamide gel electrophoresis was 
performed in 12% Polyacrylamide slab gels [23] 
that were silver-stained [24]. Samples were run in 
the presence of 1 mM Ca 2* or 1 mM EGTA, after 
Gitelman and Witman [25]. Stimulation of 
cAMP-dependent phosphodiesterase was de­
termined by a modification of the one-step proce­
dure of Teo el al. [22], described in detail by Fhk 
et al. [26]. Both methods, SDS-polyacrylamide gel 
electrophoresis and the phosphodiesterase assay, 
yielded similar calmodulin contents. 
Results 
The specific activities of alkaline phosphatase, 
sucrase and (Na+-I-K+)-ATPase in the six cell 
fractions obtained from rat duodenum are shown 
in Figs. 1, 2 and 3. The protein yield during the six 
vibration periods is plotted cumulatively on the 
jc-axis. Despite longer vibration times the yield of 
protein decreases after the third period, which 
indicates that it becomes increasingly difficult to 
shed cells further down the villus towards the 
crypt area. The specific activity of alkaline phos­
phatase in homogenates decreases more than 20-
fold from fractions I to VI. A similar pattern of 
alkaline phosphatase activity was reported to cor­
relate with a gradient of cell removal from villus 
tip to crypt base [5,27]. Sucrase activity peaks in 
the second fraction and then decreases as sharply 
as alkaline phosphatase. An identical distribution 
of sucrase along the villus crypt axis has been 
reported before for rabbit small intestine [28] and 
further supports our claim that fractions I to VI 
represent cells that are sequentially denved from 
villus tip to crypt base. It is of interest to note that 
alkaline phosphatase is enriched 2-fold while 
sucrase activity is decreased 2-fold in basolateral 
membrane fractions. This result demonstrates that 
alkaline phosphatase is native to basolateral mem­
branes m rat small intestine, as reported before by 
Hanna et al. [29] and Ghijsen et al. [17]. 
In Fig. 3 specific activities of (Na+-I- K + )-
ATPase in homogenates and basolateral mem­
branes are shown. Although less pronounced, there 
is a gradient of (Na + + K+)-ATPase activity along 
the villus-crypt axis, which is of similar magnitude 
to that reported by Rowling and Sepulveda [28] in 
rabbit small intestine. 
In Table I, purification data for four enzymes 
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Alkal ine p h o s p h a t a s e — 
/ j m o l PNPP / m g prot, hr 
5 0 
% y i e t d 
7 5 100 
С 
Fig 1. Specific activmes of alkaline phosphatase ш homo-
genaies ( · ) and basolateral membrane fractions (O) along [he 
villus (Vycrypi (C) axis. The fractions are expressed as per­
centage of the total yield in cell protein. Mean values are given 
of eight experiments. S.E values are within 10% of the mean 
for all points. 
ent from each other (tested with Student's /-test, 
Ρ > 0.2). The punficalion of (Na + + K+)-ATPase 
is somewhat lower than previously published [16]. 
However, in the present study (Na + + К + )-ATPase 
assays were run in the presence of Tnton X-100 
and it has been demonstrated that (Na + + K+)-
ATPase in basolateral membranes has a somewhat 
lower latency than in homogenales. Therefore, 
earlier punficalion factors tend to be somewhat 
overestimated [18]. The basolateral membranes 
from crypt cells are significantly more con­
taminated with mitochondrial membranes than the 
villus fractions. For the smooth endoplasmic re­
ticulum marker, the opposite is observed. The 
Golgi marker, thiamine pyrophosphalase, seems to 
be present in equal amounts in villus and crypt 
basolateral membrane fractions. 
In basolateral membrane vesicles the initial rates 
of ATP-dependent Ca2+-uptake were determined 
and the results are shown in Fig. 4. Fraction II has 
the highest transport capacity for Ca2 + and the 
activity decreases towards the crypt area. Fraction 
measured in the six basolateral membrane frac­
tions are summarized. For (Na + + K + )-ATPase 
the purification factors are not significantly differ-
Sucrase 
Fig. 2 Specific activities of sucrase in homogenates ( · ) and 
basolateral membrane fractions (O) along the villus-crypt axis. 
Mean values of four expenments. 
( N a * , K * ) - A T P a s e — 
/ j m o l P, / m g p r o t , h r 
3 5 -
3 0 
2 5 
2 0 
1 5 
5 0 
•/•yie ld 
TOO 
С 
Fig 3 Specific activities of (Na * + К * у ATPase m homo­
genates ( · ) and basolateral membrane fractions (O) Mean 
values of eight expenments, measured m the presence of Triton 
X-100 S E. values are within 15% of the mean for all points. 
Latency studies on ( Ν β + + K + )-ATPase activity revealed that 
the percentage resealed vesicles in fractions I-VI is 50, 51, 59, 
62, 41 and 49%, respectively (n —4) These values are not 
significantly different (2-sided Student's (-test, Ρ > 0 2) 
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TABLE I 
PURIFICATION FACTORS OF FOUR MARKER ENZYMES IN BASOLATERAL MEMBRANE PREPARATIONS OF 
ENTEROCYTES FROM VILLUS TIP TO CRYPT BASE 
Purification factors are caiculated as specific activities in BLM fractions divided by those in homogenates. n.d., not determined due to 
lack of sufficient material. 
Fraction 
I 
II 
III 
IV 
V 
vi 
(Na 
( Л -
62 
7.5 
5.8 
83 
9.5 
6.4 
'+Κ' 
8) 
' )-ATPase Succinic 
dehydrogenase 
( л - 8 ) 
0 37 
0 37 
0 35 
0.60 
0.40 
0 8 2 ' 
NADPH-dep. 
cyt с reductase 
( Л - 4 ) 
14 
3.2 
3.2 
3.5 
2.3 
0 9 " 
Thiamine 
pyrophosphatase 
(л-Э) 
n.d 
1.4 
16 
nd 
nd. 
20 
Significantly different from values I-V ( ? < 0 01) (Student's /-test) 
Significantly different from values I-V (/> < 0 005) 
I, Ihe oldest villus cells which are shedded in the 
absenceo f EDTA, has a significantly lower trans­
port capacity than fraction II. The high-affinity 
Ca2+-ATPase activity in BLM preparations is also 
shown in Fig. 4. Again, highest activity is observed 
in fraction II, but the differences among fractions 
I to V are not statistically significant. 
In crypt basolateral membranes a significant 
ATP-dependent Ca2+-uptake activity could be 
measured despite the fact that no significant 
Ca24-ATPase activity was present. The ATP-de­
pendent Ca2+-uptake process in crypt preparations 
was therefore studied in more detail and the result 
is shown in Fig. 5. In the presence of ATP there is 
a continuous uptake of Ca2+ with time but the 
transported Ca2+ cannot be released with the 
Ca2+-ionophore A23187. This is in striking con­
trast with the ATP-dependent Ca2+-transport in 
villus basolateral membrane vesicles where trans­
ported Ca2 + is readily released by A23187 (Fig. 6). 
The data suggest that in crypt basolateral mem­
branes ATP induces Ca2+ transport and Ca2+ is 
not accumulated in the intravesicular space but 
probably bound, hence A23187 cannot release 
transported Ca2+. The difference in Ca2+-contenl 
of villus and crypt basolateral membranes after 30 
min of incubation in the presence of A 23187 also 
suggests that there are more Ca 2 ' binding sites on 
crypt than on villus basolateral membranes. 
Comparison of ATP-dependent Ca2+ transport 
rates in different membrane populations is only 
justified when these membranes have the same 
percentage of resealed inside-out oriented vesicles. 
The degree of reseating, judged on the basis of 
latency in (Na+-I- K+)-ATPase activity, is similar 
ATP dependent Ca 2 - LptaUe 
nmol Ca2*/mg prot, min ( · — · ) 
С a ' - ATPase 
yumot P| / mg prot, hr 
<·—«) 
Fig 4 Specific activities of ATP-dependent Ca2 +-transport ( · ) 
and Са2+-АТРа5е (О) in basolateral membrane fractions along 
the villus-crypt axis. ATP-dependent Ca2 "''•Iransport is cor­
rected for aspecific Ca2*-binding observed in the absence of 
ATP Mean values of eight experiments. S.E values are within 
10% of the mean for ATP-dependent Ca2+-transport and within 
20% of the mean for Ca2*-ATPase. 
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Fig 5 Effect of ATP on Ca2*-uptake in basolateral mem­
branes from crypt cells (fraction VI) • Ca2*-uptake in the 
presence of ATP Arrow indicates addition of lonophore 
A23187, · Ca 2* uptake in the presence of ATP and Α231β7, 
О Ca 2* uptake in the absence of ATP Free Ca 2 * concentra­
tion is 1 μΜ A23187 concentration is 10 Mg/ml 
for the six populations (legend of Fig 3) Another 
test for leakiness of the vesicles is the rate at 
which, for example, mannitol equilibrates across 
the membrane Mannitol-uptake studies were done 
in pooled villus fractions I to V and in the crypt 
fraction VI The results are shown in Fig 7 Al­
though the vesicular space of crypt basolaterals is 
smaller than that of villus matenal (1 5 vs 2 2 
μΐ/protein), it is clear that this small difference in 
size cannot explain the 10-fold difference in Ca2*-
transport rates observed between villus fraction II 
and crypt fraction VI 
The basolateral preparations I to VI are con­
taminated with membrane fragments from endo­
plasmic reticulum (Table I) To test whether this 
contamination contributes to ATP-dependent 
Ca2+-uptake, the effect of oxalate on Ca2''-trans­
port was studied In a combined villus fraction 
(I-V), the ATP-dependent Ca2+-uptake in the 
presence and absence of 15 mM oxalate was 23 4 
± 4 2 and 26 2 ± 3 8 (n - 3) nmol Ca 2 + /mg pro­
tein, respectively, after 30 mm of incubation with 
10 mM ATP (free Ca 2 + was 1 μΜ) In crypt 
basolateral membranes these values were 12 5 ± 2 9 
and 10 5 ± 3 0 (n = 3) nmol Ca 2 + /mg protein, re­
spectively We conclude that oxalate does not in­
crease ATP-dnven Ca2+-uptake in villus or in crypt 
membranes, which makes a contribution of endo­
plasmic reticulum unlikely [32-35] Oligomycin (10 
nmol Ca2*/ mg prot 
30 τ А2Э1 7 
2 0 
10 2 0 30 
lime mm 
Fig 6 Effect of ATP on Ca2 "-uptake in basolateral mem­
branes from villus cells (pooled fractions I-V) B, Ca2*-uptake 
in the presence of ATP Arrow indicates addition of lonophore 
A23187 · Ca2*-uptake in the presence of ATP and A23187, 
О Ca2*-uptake in the absence of ATP Ca 2* and A23187 
concentrations as for Fig S 
nmol Mannitol/ 
mg protein 
60 mm 
Fig 7 Time course of mannitol uptake in basolateral mem­
brane vesicles from villus (pooled fractions 1-V) and crypt cells 
(fraction VI) Mannitol concentration is 0 1 mM Data points 
are mean values (S E presented as bars) of 4 and 3 expenments 
with villus and crypt matenal respectively Uptake expenments 
were done as published previously [30 31) 
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TABLE II 
Na VCa2 + EXCHANGE ACTIVITIES IN BASOLATERAL MEMBRANES FROM VILLUS AND CRYPT CELLS 
Villus is the combined fractions II-V. crypt is fraction VI. Membrane vesicles were preloaded with 150 mM NaCl (1 h on ice) and 
diluted 20-fold in equibiolar NaCl (Na*/NaJ ) or KCl medium (Na*/Kj) Membranes were preincubated with 10 μι/πιΐ 
valinomycin (Val) or with 10 μg/ml valinomycin and 2 μΜ monensin (Val + Mon) One expenmem consists of triplicate incubations 
of 15 sal 5 μΜ free Ca2* This represenls initial rates of uptake [18,19). Mean values plus S E are given with numbers of experiments 
in parentheses 
Villus 
Crypt 
(Ca2 ''-uptake in nmol/mg protein per 15 s) 
Na^/NaJ Na^/Kj +Val 
0.77 ±0.05 0.96 ±008 
114±0.14 136±019 
Naf/Kj + Val + Mon 
0 7 9 ± 0 0 6 ( л - 8 ) 
П 8 ± 0 1 3 ( л - 8 ) 
μ g/ml) was tested on ATP-dependent Ca2 "^ up­
take in fractions I-VI but had no effect, ruling out 
a mitochondrial contribution [16]. 
In basolateral membranes of crypt cells the 
ATP-dependent Ca2+-transport rate is low and it 
is therefore of interest to measure the activity of 
the Na + /Ca 2 + exchange system which has previ­
ously been shown to be present in villus cells [19]. 
In Table II. Na+-gradient-dependent Ca2+-uptake 
in the absence of ATP is given for basolateral 
membranes of villus and crypt cells. About half of 
the vesicles are leaky (legend Fig. 3) and inside-out 
Ca ΘΡ 
nnnol Caa bound / 
m g lyophylisate ( · — · ) 
^ig calmodulin / 
mg protein (β—β) 
Fig. 8 Distribution of vitamin D-dependent calcium-binding 
protein (CaBP) and calmodulin along the villus-crypt axis. 
Calmodulin was 95% membrane-bound in all fractions Mean 
values of two expenments are given 
as well as rightside-out vesicles contribute to 
Na+-gradient-dependent Ca2+-uptake [18,37]. 
Therefore, the capacity of Na*/Ca2 + exchange 
amounts to 1.5 and 1.8 nmol Ca2+/min per mg 
protein in villus and in crypt basolateral mem­
branes, respectively. Compared to the ATP-depen­
dent Ca2+-transport system the Na+/Ca 2 + ex­
changer is of minor importance in villus cells but 
may play a more significant role in the Ca2+-
homeostasis of crypt cells. 
The distribution of vitamin D-dependent Ca2+-
bindmg protein and of calmodulin along the villus 
crypt axis is given in Fig. 8. Ca2 •'-binding protein 
content decreases toward the crypt area but 
calmodulin levels are constant. A similar dissoci­
ation between Ca2"'-binding protein and calmodu­
lin has been reported to occur longitudinally in the 
small intestine [38]. 
Discussion 
The distribution of alkaline phosphatase, 
sucrase and (Na+-I- К+)-ATPase among the six 
fractions obtained in this study by a slightly mod­
ified method of Harrison and Webster [15] is 
similar to that reported by other investigators 
[5,27,28]. This particular result strongly suggests 
that fractions I-VI represent cells that are sequen­
tially released from the villus tip to the crypt base. 
The purification factors for the basolateral mem­
brane marker, (Na + +IC+)-ATPase, are not sig­
nificantly different for the six cell fractions. The 
rate of ATP-dependent Ca2+-uptake in basolateral 
membrane vesicles did not correlate with alkaline 
phosphatase and (Na + + K+)-ATPase activities in 
20 -
281 
these fractions, since the decrease in alkaline phos-
phatase was more pronounced and the decrease in 
(Na + + K^-ATPase was less pronounced towards 
the crypt area Active Ca2*-transport was also 
dissociated from mitochondrial and Golgi mem-
brane markers because crypt basolateral mem-
branes were relatively more contaminated with 
succinic dehydrogenase than villus fractions and 
thiamine pyrophosphatase activity was equal in all 
fractions Contamination with smooth endo-
plasmic reticulum deserves attention in view of the 
evidence that in a variety of cells endoplasmic 
reticulum is involved in ATP-dependent Ca2+-
sequestration, as for example in exocrine cells 
[32,33,35], hepalocytes [34,39), brain tissue (40], 
platelets [41], neutrophils [42] and insuloma cells 
[43] Ca2+-transport in endoplasmic reticulum is 
stimulated by oxalate [32-35,39] In the present 
basolateral membrane preparations of small in-
testinal cells oxalate had no effect on ATP-depen-
dent Ca2+-transport This result suggests that frag-
ments denved from endoplasmic reticulum do not 
contribute to Ca2 """-uptake in this crude basolateral 
membrane preparation At the moment there is no 
information about possible Ca2 "-pumps in endo-
plasmic reticulum of enterocytes but this point 
deserves further investigation It may be that 
Ca2+-uplake in endoplasmic reticulum is more 
sensitive to mechanical damage during centnfuga-
tion than the plasma membrane Ca2+-transport 
system Oxalate-stimulated Ca2+-transport in en-
doplasmic reticulum from smooth muscle was re-
duced dramatically by cenlnfugation, while the 
oxalate-independent Ca2 """-uptake in plasma mem-
branes was hardly reduced [44] On density gradi-
ents no further separation between endoplasmic 
reticulum and basolateral membranes can be ob-
tained, since their marker enzymes have an overlap 
in the same density regions [45] Other more 
elaborate methods such as partitioning in aqueous 
polymer two-phase systems give a good resolution 
of marker enzymes but destroy the ATP-depen-
dent Ca2+-transport (Ref 45, and unpublished 
observation) 
Vitamin D-dependent Ca2+-binding protein is 
perhaps the best-defined molecular expression of 
vitamin D action [47] Ca2+-bindmg protein levels 
in the intestine correlate directly with the effi-
ciency of vitamin D-dependent calcium absorption 
[47] In the rat, Ca2+-binding protein is abun-
dantly present in the duodenum and hardly detec-
table in the ileum, which has been shown indepen-
dently by radioimmunoassay and by the chro-
matographic procedure used in the present study 
[38,48] Our study indicates that Ca2+-binding pro-
tein is more or less confined to the absorbing cells 
in the villus region A recent immunocytochemical 
study on Ca2+-binding protein in rat duodenum 
also reveals a gradient of Ca2+-binding protein 
from villus lip to the upper crypt region, in agree-
ment with our findings [49] The fact that Ca2+-
binding protein and ATP-dependent Ca^-trans-
port are most prominent in absorbing villus cells 
justifies the conclusion that vitamin D-dependent 
calcium absorption takes place pnmanly in villus 
cells Apparently, calmodulin is of minor impor-
tance, since its distribution along the villus-crypt 
axis and along the small intestine is dissociated 
from Ca2+-binding protein and Ca2+-ATPase 
[38,50] 
Although we have measured the Ca2+-ATPase 
activity along the villus crypt axis, it remains 
entirely possible that this activity does not reflect 
the transcellular absorptive Ca2 """-transport rate 
The entry step into the cell across the brush-border 
membrane might be rate-limiting in transcellular 
Ca2+-transport We have not attempted to mea-
sure the Ca2+-permeability of the brush-border 
membrane for several reasons Firstly, the luminal 
membrane of crypt cells lacks a brush border and 
methods for isolation of this membrane have not 
yet been described Secondly, information on the 
real Ca2+-permeability of brush-border membrane 
vesicles is difficult to obtain, since Ca2 """-binding to 
membrane sites obscures the transmembrane flux 
(Ref 51, and our unpublished observations) Nev-
ertheless, in view of the close correlation between 
the Ca2+-bmding protein content and the rate of 
transcellular Ca2+-transport [48], we have confi-
dence in our conclusion that Ca2+-absorplion takes 
place primarily in the mid- to upper villus region 
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ENTEROCYTE ISOLATION PROCEDURE SPECIFICALLY EFFECTS ATP-DEPENDENT 
Ca2+-TRANSPORT IN SMALL INTESTINAL PLASMA MEMBRANES. 
E.J.J.M. van Corven, M.D. de Jong and C.H. van Os 
Department of Physiology, University of Nijmegen, P.O.Box 9101, 
6500 HB Nijmegen, The Netherlands (reprint requests to CHO). 
ABSTRACT 
Epithelial villus cells from rat small intestine were isolated either 
in citrate buffers or by vibration in EDTA containing solutions. Baso-
lateral plasmamembrane vesicles (BLMV) were isolated and active Ca 2 +-
transport studied. The rate of ATP-dependent Ca -transport in BLMV was 
11.2, 1.2 and 0.8 nmol Ca /min.mg protein in duodenum, mid-jejunum and 
terminal ileum when enterocytes had been isolated in citrate buffers. 
These transport rates were 10.5, 4.θ and 5.θ respectively when cells 
were isolated by vibration. The specific activities of various marker 
enzymes were not influenced by the cell isolation procedure. The enrich­
ment factors for (Na+-K+)-ATPase and the latency of this enzyme activ­
ity, the mannitol spaces and the half-times for mannitol equilibration 
among the three BLMV preparations were independent of the cell isolation 
method. It was demonstrated that active Ca2+-transport in BLMV from 
jejunum and ileum could be destroyed when cells isolated by vibration 
were incubated with low proteolytic activity (1 ug/ml trypsin). There­
fore, Ca2+-ATPase in jejunum and ileum is far more susceptible to extra­
cellular proteolytic activity than Ca2+-ATPase more proxlmally located. 
Addition of various protease inhibitors to the citrate buffer only part­
ly prevented the selective damage of Ca2+-transport in basolateral mem­
branes. 
INTRODUCTION 
2+ 
In rat small intestine the duodenum actively absorbs Ca and this pro­
cess is markedly reduced by vitamin D deficiency (1). Active Ca2+-
absorption is normally absent in jejunum and ileum but is inducible in 
ileum with a low-calcium diet or 1,25(ОН)20з administration (1). Pre­
viously we reported that the activity of high-affinity Ca2+-ATPase and 
ATP-dependent Ca2+-transport in basolateral membranes of rat small in­
testine was 10-fold higher in duodenum than in jejunum and ileum, cor­
relating nicely with the distribution of active Ca2+-absorption along 
small intestine (2). In that study, enterocytes were isolated by Stern's 
method (3) in which intestinal sacs are filled with citrate buffer and 
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incubated at 37 0C. Recently, we used a different cell isolation tech­
nique according to Harrison and Webster (4) and found consistently 
higher active Ca2+-transport rates in BLMV's from the distal small in­
testine than previously reported. The latter procedure is effective at 
low temperature and uses large volumes of isolation buffer. Therefore 
it is likely that during Stern's cell isolation method traces of pan­
creatic enzymes effect the enterocyte plasma membrane. We studied the 
differences between the two cell isolation procedures in more detail 
and concluded that Stern's isolation method effects Ca2+-ATPase in 
basolateral membranes rather specifically in more distally located 
enterocytes. 
METHODS 
Enterocyte isolation and membrane preparation 
Male Wistar rats (180-200 g) fed ad libitum, were killed by cervical 
dislocation. The first 15 cm distal to the pylorus,15 cm of mid jejunum 
and 15 cm of terminal ileum were removed and rinsed with ice-cold saline 
containing 1 mM DTT. For cell isolation according to Stern (3) the in­
testinal sacs were filled with citrate buffer (in mM: Na citrate, 27; 
NaCl, 96; KCl, 1.5; KH2PO4, θ; ЫагНРО}, 5.6; pH=7.4) and incubated under 
constant shaking at 37 0C for 15 min in isotonic saline. Villus cells 
were pelleted at 200xgxl0 min and washed twice in saline. For cell iso­
lation according to Harrison and Webster (4), everted pieces of intes­
tine were tied onto metal rods and vibrated in saline at 4 0C with low 
amplitude (1 mm) and high frequency (60 Hz). Shedded debris after 1 min 
vibration was discarded. Subsequently, 1 h of vibration in the presence 
of 2.5 mM EDTA released all villus cells into the medium (5). Cells were 
harvested and washed as above. 
Isolated cells were homogenized and a basolateral plasma membrane prep­
aration was isolated as previously (5,6). This plasma membrane prepara­
tion contained also smooth endoplasmic reticulum, SER, fragments. SER 
fragments and plasma membranes were partly separated on a discontinuous 
ficoll-sucrose gradient. Crude BLM in 250 mM sucrose buffer was layered 
on top of a discontinuous gradient consisting in 6% ficoll in 250 mM 
sucrose and 25% sucrose. All solutions were buffered with 10 mM Tris-
Hepes, pH 7.4. After centrifugation (100.000xgx20 min) 6 fractions were 
collected: I, top of the gradient (250 mM sucrose); II, material between 
250 mM sucrose and 6% ficoll layer; III, 6% ficoll layer; IV, material 
between 6% ficoll and 25% sucrose; V, 25% sucrose layer; VI, pellet. 
Fractions were diluted in 150 mM KCl and 10 mM Tris-Hepes, pH 7.4, and 
centrifuged at ЮО.ОООхдхЗО min. Membranes were collected in the Ca 2 +-
uptake medium which is described below. 
2+ 
Enzyme assays and Ca -transport studies 
(Na+-K )-ATPase, Ca -ATPase and Ca -uptake studies were done on the 
day of isolation and all other assays the next day after storage of 
material in liquid N2· (Na+-K+)-ATPase, alkaline phosphatase, sucrase, 
succinic acid dehydrogenase, NADPH-dependent cytochrome-C-reductase, 
thiamine pyrophosphatase and protein were assayed as before (5). The 
percentage resealed vesicles was calculated from the latency in 
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(Na -К )-ATPase activity. Latency was studied by incubating BLMV with 
and without a detergent mixture for 10 m m at 37 0C in the (Na+-K+)-
ATPase assay mixture. The optimal detergent mixture was triton ХІ00-
digitonin (1:1 v/w) and the optimal concentration was 1 mg/mg membrane 
protein for duodenal and jejunal membranes and 0.5 mg/mg protein for 
ileal membranes. The percentage of resealed inside-out oriented vesicles 
(IOV) was calculated from three independent enzyme assays. The first 
assay is based on the sidedness of (Na+-K+)-ATPase. Preincubation of 
BLMV for 1 h on ice with 5 mg/ml ouabain was sufficient for ouabain equi­
libration across the vesicular membrane. The difference in ATP hydrolysis 
between BLMV without and with preincubation in ouabain gives the % IOV. 
The second assay is K+-stimulated ouabain-sensitive pNPPase activity (7) 
and the extra stimulation with detergent gives the % IOV (7). The third 
assay is the one for acetylcholine esterase as described by Steck and 
Kant (Θ). Uptake studies of 4 5Ca and 14C-mannitol were done by a rapid 
millipore filtration technique as described before in detail (5). 
Abbreviations and materials 
EGTA, Ethylene Glycol bis (0-aminoethyl ether)-N,N'-Tetra Acetic Acid; 
EDTA, Ethylene Diamine Tetra Acetic Acid; HEDTA, N-(2-Hydroxy ethyl) 
Ethylene Diamine-Ν,Ν',Ν'-Τπ Acetic Acid; DTT, Dithiothreitol; TRIS, 
tris(hydroxymethyl) aminomethane; HEPES, 4(2-hydroxyethyl)-1-piperazine 
ethane sulphonic acid; PMSF, phenyl methane sulphonyl fluoride; TLCK, 
N ot-p-Tosyl-L-Lysine Chloromethyl Ketone; TPCK, L-l-Tosylamide-2-Phenyl-
ethyl Chloromethyl Ketone; pNPP, para-Nitro Phenyl Phosphate. 
Tns-ATP, pNPP, TLCK, TPCK, PMSF, EGTA, HEDTA, oligomycin, digitonm, 
theophylline, aprotinin and diethyl p-nitrophenyl phosphate were from 
Sigma (St.Louis) . 4 5Ca and ^C-manmtol were from New England Nuclear 
(Dreieich, FRG). All other chemicals were of the purest grade. 
RESULTS and DISCUSSION 
2+ 2+ 
ATP-dependent Ca -uptake and Ca -ATPase 
2+ 
Active Ca -uptake in basolateral membrane vesicles from duodenum, 
jejunum and ileum differed with the cell isolation technique as shown 
in fig.l. In BLMV from mid-jejunum and terminal ileum active Ca2+-trans-
port rates are markedly smaller when enterocytes were isolated according 
to Stern. The differences in Ca2+-transport rates could in principle be 
explained when Stern's method leads to lower (Na+-K+)-ATPase purifica­
tion factors or less resealed and/or less inside-out oriented vesicles 
in the BLM preparations. These possibilities were tested and the results 
are summarized in the following 4 tables. In table I the specific activ­
ities of several marker enzymes are given in homogenates of enterocytes 
isolated according to Harrison and Webster or to Stern. A common pattern 
is a decrease in specific activity for all enzymes, except the mito­
chondrial marker SDH, from duodenum towards the ileum. There is however, 
no statistically significant difference between the two cell isolation 
metnods with respect to these enzyme activities. Table II shows the 
purification factors of these marker enzymes in basolateral membrane 
preparations from the three intestinal regions. Most important, the puri­
fication factors for (Na+-K+)-ATPase are independent of the cell isola­
tion method and of the origin of intestinal cells. The enrichment of 
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Fig.1 : Distribution of ATP-dependent Ca +-transport in basolateral mem-
branes along small intestine. Basolateral membranes were purified from 
villus cells isolated according to Harrison and Webster (HW) or Stern (S) 
Mean values are given +_ SEM of 6 to 8 experiments. ATP-dependent Ca^+-
uptake rates have been corrected for Ca^+-uptake in the absence of ATP. 
alkaline phosphatase is not due to co-purification of brush border with 
basolateral membranes, since the specific activity of sucrase decreased 
by a factor of 2 (5). This result confirms the previously drawn con-
clusion that 10% of alkaline phosphatase is located in the basolateral 
membrane (5). 
Since only inside-out resealed vesicles (I0V) contribute to ATP-depen-
dent Ca -uptake, we tried to estimate the percentage resealed vesicles 
and the percentage I0V as described under Methods. In table III the re-
sults are given. Latency studies of (Na+-K+)-ATPase activity in BLMV 
gives the impression that roughly 60% is resealed independent of the 
cell isolation method and of the cell origin. Only ileal BLMV's show a 
tendency to be more leaky when cells are isolated with Stern's method 
(table IIIA). For jejunal BLMV the three assays used for orientation 
studies gave results which were again independent of the cell isolation 
method. The acetylcholine esterase assay suggests a higher percentage 
I0V but this may be due to an additional stimulatory effect of deter-
gents on this enzyme activity (table IIIB). 
Another parameter that provides information about the leakiness of a 
vesicle preparation is the uptake of mannitol. From mannitol uptake 
studies we extrapolated the vesicular spaces and the half-time of man-
nitol equilibration which are given in table IV. There are no differ-
ences in both parameters induced by the cell isolation method. The ob-
vious conclusion from the data given in tables I through IV is that the 
difference in ATP-dependent Ca -transport rates as shown in fig.1 can-
not be explained on the basis of differences in orientation or leakiness 
among the various vesicle preparations. 
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Table I : Specific activities of marker enzymes in homogenates of villus cells from duodenum, jejunum and ileum 
Enterocytes were isolated according to Harrison and Webster (HW) or Stern (S). Mean + SEM of 4 to 6 experi­
ments. * E=extinction. (Na+-K )-ATPase is a basolateral membrane marker; Alkaline phosphatase is mainly lo­
cated in the brush border; Thiamine pyrophosphatase, TPPase, can be considered as a Golgi marker; Succinic 
acid dehydrogenase, SDH, an mitochondrial inner membrane marker and NADPH cytochrome-c-reductase a marker for 
endoplasmic reticulum. 
(Na+-K+)-ATPase Alkaline phosphatase TPPase SDH NADPH cyt-C-red 
(ymol P./mg prot,h) (vimol NPP/mg prot,h) (pinol P. /mg prot,h) (E*/mg prot,h) (E*/nig prot/h) 
H W S H W S H W S H W S H W S 
duodenum 5.1+0.8 4.7+0.6 23.6+3.1 20.9+2.2 0.9+0.3 1.1+0.1 3.0+0.θ 3.1+0.3 3.7+0.4 3.8+0.3 
mid-jejunum 3.4+0.5 3.2+0.7 6.5+1.0 6.0+0.5 0.5+0.1 0.7+0.1 3.3+0.5 2.7+0.3 3.1+0.4 3.7+0.5 
ileum 2.0+0.5 1.4+0.3 1.5+0.4 1.5+0.2 0.3+0.1 0.4+0.1 3.7+0.9 2.4+0.3 2.0+0.5 2.0+0.2 « 
— — _ _ _ _ _ _ — œ oo 
Table II: Purification factors of marker enzymes in isolated basolateral membranes of villus cells from duo-
denum, jejunum and ileum 
Cells were isolated according to Harrison and Webster (HW) or Stern (S). Mean of 6 to 8 experiments. SEM values 
were within 10% of the mean values. 
duodenum 
jejunum 
ileum 
(Na+-K+) 
HW 
8.4 
9.5 
11.1 
-ATPase 
S 
10.9 
9.4 
9.6 
Alkaline 
HW 
2.3 
1.9 
2.6 
phosphatase 
S 
2.7 
1.6 
2.6 
HW 
2.9 
3.2 
3.9 
TPPas e 
S 
2.6 
2.5 
3.6 
HW 
0.5 
0.3 
0.3 
SDH 
Ξ 
0.5 
0.3 
0.2 
NADPH 
HW 
2.8 
2.6 
0.8 
cyt-C :-red 
Ξ 
2.6 
2.7 
0.5 
Table III : Percentage resealed and inside-out resealed vesicles in 
basolateral membrane preparations 
A. Percentage resealed vesicles from latency studies of (Na -K )-ATPase 
activity. 
cell isolation 
HW 
S 
duodenum 
59 + 3 (5) 
60 + 2 (21) 
jejunum 
5 5 + 5 (5) 
59 + 2 (14) 
ileum 
64 + 5 (3) 
4 6 + 3 (5) 
B. Percentage inside-out resealed vesicles in jejunal basolateral mem­
branes. 
assay 
cell isolation (Na^ -K"1")-ATPase K+-pNPPase Acetylcholine esterase 
HW 1 8 + 9 (4) 37 + 9 (3) 67 + 6 (3) 
S 1 8 + 5 (3) 49 +10 (3) 59 + 8 (3) 
Table IV : Mannitol space of basolateral membrane vesicles and half-time 
for mannitol equilibration 
mannitol space (μΐ/mg protein) th (min) 
cell isolation duodenum ileum ileum 
HW 
S 
1.85+0.10 (4) 
2.19+0.61 (3) 
2.31+0.58 (3) 
2.76+1.02 (3) 
2.4+0.5 (3) 
2.8+0.4 (3) 
2+ 
The distribution of high-affinity Ca -ATPase activity along the small 
intestinal tract is given in fig.2. Ca2+-ATPase activities in BLMV are 
equal in the three regions when cells are isolated according to Harrison 
and Webster. This result differs with the distribution of ATP-dependent 
Ca2+-transport given in fig.l. Cell isolation according to Stern in­
duces only a 50% reduction in Ca2+-ATPase activity in jejunal and ileal 
BLMV, compared to a 80 to 90% reduction in Ca2+-transport rates (fig.l). 
The explanation for the dissociation between Ca2+-ATPase activity and 
Ca2+-transport may be the presence of Ca2+-dependent protein kinases and 
phosphatases in basolateral membrane preparations. Recently, it has been 
reported that part of the rat liver plasma membrane high affinity Ca -
ATPase is not associated with a Ca2+-pump (9). The presence of multiple 
ATPase activities in plasma membranes makes it difficult to unambiguous­
ly correlate a Ca2+-stimulated ATPase activity with ATP-dependent Ca 2 +-
transport. In view of the effect of Stern's isolation method on the 
activity of ATP-dependent Ca2+-transport in jejunum and ileum it is very 
likely that only half of the observed Ca2+-ATPase activity in jejunal 
and ileal BLMV represents the enzymatic expression of the Ca2+-pump. 
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Ca2* ATPase 
(jumol Pi/h . mg protein) 
2-
1-
HW s 
DUOD 
HW S 
JEJ 
HW S 
ILEUM 
Fig.2 : Distribution of high-affinity Ca -ATPase in basolateral mem­
branes along small intestine. Villus cells were isolated according to 
Harrison and Webster (HW) and Stern (S). Mean values +_SEM of 4 to 6 ex­
periments are given. 
nmot Ca2*/mg prot, min -
12-
10-
6-
2-
5 50 
/ j g trypsin/ml 
2+ 
Fig.3 : Trypsin sensitivity of ATP-dependent Ca -transport. Entero-
cytes isolated according to Harrison and Webster were incubated at З 0^ 
for 15 min with trypsin before basolateral membranes were isolated. The 
rates of ATP-dependent Ca2+-transport in BLMV from duodenum (• - • ) , 
jejunum (· - ·) and ileum (o - o). Results are mean values of 3 exper­
iments. SEM values are within 10% of the mean values for all points. 
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Table V : Effect of protease inhibitors present during cell isolation 
on ATP-dependent Ca^+-transport rate in basolateral membranes 
Control PMSF/Aprotinin TLCK/TPCK DEPNPP^ .
 =1_ 0 0 
Isolation 
i at 20oC 
HW 
Duodenum 10.5+0.5 (8) 12.3+1.3 (4) 9.1 
Jejunum 4.8+0.8 (6) 6.1+0.6 (4) n.d. 
Ileum 5.8+0.3 (6) 2.4+0.5 (5) 1.9 
9.2 
n . d . 
2 .1 
n . d . 
2 .4 
1.8+0.3 (4) 
ATP-dependent Ca2+-transport rates in nmol/min.mg protein. HW is cell 
isolation according to Harrison and Webster and S is according to Stern. 
Concentration of inhibitors: PMSF, 0.4 mM; Aprotinin, 10 pg/ml; TLCK, 
0.5 mM and TPCK, 1 mM. The lipase inhibitor diethyl p-nitrophenyl-
phosphate (DEPNPPi) is added in trace amounts sufficient to inhibit. 
Isolation at 20 ''C means that intestines were cleaned for 1 h on ice and 
the incubation in citrate is done at 20 0C instead of 37 0C. Number of 
experiments in parentheses and mean values +_ SEM. Otherwise only one ex-
periment is reported, n.d. not determined. 
2+ 
Trypsin sensitivity of ATP-dependent Ca -transport 
The main differences between Stern's and Harrison/Webster's isolation 
methods reside in the temperature and in the volume of isolation buffer. 
Therefore, Stern's method is more prone to introduce detrimental effects 
due to trace amounts of pancreatic enzymes. For this reason we isolated 
cells according to Harrison and Webster, incubated these cells in ci-
trate buffers with small amounts of trypsin and looked at ATP-dependent 
Ca2+-uptake in isolated BLMV. The results are shown in fig.3. There is 
a striking difference in trypsin sensitivity between the duodenal Ca2+ 
pump and the more distal one. A similar sensitivity to trypsin incuba-
tion was noticed for high affinity Ca2+-ATPase activity in jejunal BLMV. 
Incubation of isolated cells for 15 min with 5 pg/ml trypsin reduced 
Ca2+-ATPase activity in jejunal BLMV from 1.76+0.24 to 1.28+0.14 (n=3) 
but had no effect on duodenal Ca2+-ATPase activity (1.96+0.51 vs 
1.84+0.46). This particular result supports the observed dissociation 
between Ca2+-ATPase activity and ATP-dependent Ca2+-transport shown in 
figs. 1 and 2. Since intact cells are incubated, trypsin acts on an 
extracellular site of the Ca2+-pump. Low'trypsin concentrations did not 
effect (Na","-K+)-ATPase activity nor that of other marker enzymes. Also 
(Na'^ -K"'') -ATPase in kidney outer medulla could not be effected by extra-
cellular proteolytic activity (10). 
2+ Since jejunal and ileal Ca -ATPase is highly susceptible to proteolytic 
activity we tried to prevent detoriation of Ca2+-ATPase during Stern's 
isolation procedure by adding a cocktail of protease inhibitors to the 
citrate buffer. The results are given in table V. PMSF and aprotinin to-
gether restored full activity in jejunal cells but were only partly 
effective in ileal cells. In the ileum no condition could be found that 
restored full activity of ATP-dependent Ca2+-transport. It is therefore 
possible that in ileal cells also intracellular proteases or lysosomal 
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Fig.4 : Distribution of marker enzymes and ATP-dependent Ca2+-trans-
port in a 6% Ficoll-25% sucrose discontinuous gradient (fraction 1 is 
the top and 6 the pellet; see under Methods). The distribution of TPPase, 
the Golgi marker, is not shown but its activity was roughly equal in all 
fractions. 
2+ 
enzymes are involved in destroying Ca -pumps during cell isolation. 
At 4 0C these effects are likely to be absent. 
Localization of ATP-dependent transport 
The experiments reported in fig.3 and in table V provide strong evidence 
for a plasmalemmal origin of ATP-dependent Ca2+-transport in isolated 
BLMV from jejunum and ileum, despite the fact that this basolateral 
membrane preparation is contaminated with SER fragments and membranes 
derived from the Golgi apparatus. Recently, ATP-dependent Ca2+-transport 
has been described in rough and smooth ER in a variety of cells (11,12, 
13,14,15). When active Ca^-transport in duodenal BLMV is mainly local­
ized in intracellular membranes then the insensitivity towards extra­
cellular proteolytic activity is obvious. For this reason we tried to 
separate plasma membranes from SER and Golgi membranes present in crude 
duodenal BLMV preparations. Fig.4 gives the distribution of marker en­
zymes and active Ca2+-transport in a discontinuous ficoll-sucrose gradi­
ent. The active Ca2+-transport activity correlates best with the dis­
tribution of (Na+-K+)-ATPase, confirming a plasmalemmal origin of Ca -
ATPase in this particular BLMV preparation. The experiment in fig.4 was 
repeated once with duodenal BLMV and once with jejunal and ileal BLMV, 
with similar results. The mean values for the ratio Ca2+-transport/ 
(Na+-K+)-ATPase and Ca2+-transport/NADPH dep.cyt-c-red. in fraction 2 
of four combined experiments were 1.38+0.07 and 0.67+0.06. In fraction 
3 these ratios were 1.28+0.13 and 1.48+0.13 respectively, indicating a 
consistent correlation between Ca2+-transport activity and (Na","-K"t")-
ATPase activity. This result does not exclude the presence of Ca +-
pumps in intracellular organelles of rat enterocytes. In separate 
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experiments with permeabilized enterocvtes we were able to demonstrate 
ATP-dependent Ca -uptake in mitochondrial and non-mitochondnal stores 
(to be published). Fig.4 only demonstrates that in the crude BLMV prep­
aration isolated as described, the Ca^+-pump activity measured is mainly 
associated with plasma membranes. It is also feasible that Ca -trans­
port activity in SER is more sensitive to mechanical damage during cen­
tri f ugation than the plasma membrane Ca^+-transport system as demonstrat­
ed recently for smooth muscle endoplasmic reticulum (16). 
CONCLUSION 
2+ Ca -pumps in plasma membranes of jejunal and ileal epithelial cells are 
highly sensitive towards extracellular proteolytic activity, and isola­
tion of enterocytes according to Stern specifically destroys these Ca -
pumps without an effect on other marker enzymes and membrane parameters. 
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The Adenosine Triphosphate-Dependent Calcium Pump 
in Rat Small Intestine: Effects of Vitamin D Deficiency 
and Cell Isolation Methods* 
EMILE J. J . M. VAN CORVEN, MAARTEN D. DE JONG, AND CAREL H. VAN OS 
Department of PhysiOlogy, University of Nijmegen, Nijmegen, The Netherlands 
ABSTRACT. Duodenal villus cells fron vitamin D-defieient 
(-D) and replete rati (+D) were isolated either in citrate buffers 
according to the method of Stern or by vibration in EDTA-
containing solutions according to the method of Harrison and 
Webster Basolateral plasma membrane vesicles (BLMV) were 
purified, and active Ca2+ transport was studied. The rates of 
ATP-dependent Ca"transport in BLMV from - D and +D 
animals were 2 6 ± 1.0 and 10 6 ± 0.6 nmol Ca3Vmin mg protein 
when cells had been isolated in citrate buffers. These transport 
rates were 9.2 ± 0 7 and 9 fi ± 0.5, respectively, when cells were 
isolated by vibration The specific activities of other enzyme 
markers and vesicle parameters, such as the degree of resealmg 
or purification factors, were not influenced by the cell isolation 
procedure. Addition of lipase and protease inhibitors to the 
curate buffer or fasting the animals before death increased the 
active Ca'* transport rates in BLM from — D rats to control 
levels These results indicate that the ATP-driven Ca3* pump in 
duodenal plasma membranee from vitamin D-deficient rats ia 
more prone to inactivation during enterocyte isolation proce­
dures. 
With the vibration technique, six populations of cella could 
be obtained that are sequentially released from villus tip to crypt 
base A similar viUus-crypt gradient of active Ca1* transport waa 
present in duodenal BLMV from - D and +D anunals In ileal 
BLMV from vitamin D-defioent rats a significantly lower Ca1* 
transport rate was found compared to that in +D animals, even 
when villus cells were isolated by vibration It is thought that 
the mechniams by which 1,25-dihydroxyvitamin D3 regulate 
transcellular Ca2* fluxes in duodenum and ileum must be differ­
ent (Endocrinology 120: 668-873, 1987) 
THE MECHANISM whereby 1,25-dihydroxyvitamin D3 [1,25-(0Н)2Оз] regulates active calcium absorp­
tion in the small intestine is still not clear. The downhill 
movement ofcalcium across the brush border membrane 
into the cell may be modulated by changes in lipid 
composition and/or the fluidity of the membrane (1, 2) 
as well as changes in carrier proteins like integral mem­
brane calcium-binding protein (3) or vitamin D-depend-
ent calcium binding protein (CaBP) (4). The active ex­
trusion of calcium out of the cell is mediated mainly by 
an ATP-dependent calcium pump and, to a lesser extent, 
by a NaVCa 2 * exchange system in the basolateral mem­
brane (5, 6). It has been shown that in vitamin D-
deficient (-D) rats, the activity of the ATP-dependent 
calcium pump was reduced, while repletion with 1,25-
(OHhD.i restored full activity (7). This observation was 
recently confirmed in chick enterocytes (8). In another 
study it was found that the effect of 1,25-(ОН)2Оз on 
Ca^-ATPase is not mediated by calmodulin or CaBP 
Received July 2,1996 
Address requests for reprints u> Dr Care] H Van Os, Department 
of Phyuolopv, University of Nijmegen, Ρ О Box 9101, Nijmegen 6500 
НИ, The Netherlands 
* This work was supported in part by the Netherlands Organization 
lor Basic Research (ZWO) via MEDIGON 813-37-39 
(9). In view of these results, it has been suggested that 
1,25-(ОН)20з may induce synthesis of new Ca 2* pump 
sites which are then inserted into the basolateral mem­
brane (BLM). Since it is possible that undifferentiated 
crypt cells may respond quite differently to 1,25-(ОН)2Оэ 
than mature absorptive villus cells, it was of interest to 
study the effect of vitamin D deficiency on Ca2 +-ATPase 
activity along the villus-crypt axis. By using two different 
methods for sequentially releasing cells from villus tip to 
crypt base it turned out that in enterocytes derived from 
—D animals, the Ca^-ATPase activity in BLM is more 
prone to inactivation during cell isolation procedures, 
Therefore, we conclude that 1,25-(ОН);.Оз does not reg­
ulate the activity of the ATP-dependent Ca 2 + pump, but 
vitamin D deficiency induces changes in the membrane 
structure through which the Ca 2* pump becomes more 
easily inactivated by proteolysis. 
Materials and Methods 
-Brats 
—D male Wister rats were raised as described previously (9). 
With this procedure, 8- to 10-week-old rats were obtained, 
weighing 150-200 g; they had a total plasma calcium level of 
1.69 ± 0.03 mM (n »• 31). —D animals were repleted by injecting 
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160 ng 1,25 (ОН)Д), ip 48 and 24 h before death After reple 
tion, the plaema calcium level increased to 2 60 ± 0 03 (η = 
26) Control rate were raised on the same diet with a normal 
vitamin D, supply (2 2 IU/g) 
Enterocyte isolation and purification of BLM 
Rate were either killed by a blow on the head (control 
animals) or anesthetized with ether, so blood samples could be 
taken and serum Ca2+ analyzed [—D and D replete (+D) rate] 
The first 15 cm distal to the pylorus (duodenum), 15 cm of 
midjejunum, and 15 cm of terminal ileum were removed and 
nneed with ice cold saline containing 1 т м dithiothreitol Cella 
were isolated according to the method of Stem (10) or that of 
Harrison and Webster (11) In the first method, intestinal sacs 
are filled with citrate buffer (in millimolar concentrations Na 
citrate, 27, NaCl, 96, KCl, 1 5, КНгРО*. 8, Na 2 HP0 4 l 5 6, pH 
7 4) and incubated under constant shaking at, 37 С for 10-20 
min in isotonic saline Villus cells, released by squeezing the 
intestinal sacs, are pelleted (200 X g for 10 mm) and washed ш 
ice cold isotonic sahne In the second method, everted pieces 
of intestine are tied onto rods and vibrated (2 mm amplitude, 
60 Hz) in saline at 4 С Shed debns is discarded after 1 nun A 
subsequent 1 h period of vibration in the presence of 2 5 т м 
EDTA releases all villus cells Populations of cells released 
sequentially from villus tip to crypt base are obtained as pre 
viously described (12) In short, the fint population of villus 
cells (fraction I) was obtained after a 10 mm vibration period 
in the absence of EDTA Subsequent penods of vibration in 
the presence of 2 5 т м EDTA gave the following fractions. 10 
mm (fraction II), 10 min (fraction III), 15 mm (fraction Г ), 
and 20-25 min (fraction V) After a total of 1 h of vibration, 
crypt cells were harvested by scraping 
Isolated cells were washed with saline and homogenized 
dunng 1 min using a Polytron (Braun) in 10 ml medium 
containing (in millimolar concentrations) NaCl, 25, HEPES 
Tns, 1 (pH 8 0), phenylmethanesulphonylfluonde (PMSF), 0 4, 
and dithiothreitol, 1 BLM were isolated as described previously 
(7) In short brush borders and cell debns were discarded by 
low speed centnfugation (600 X g for 10 min) The supernatant 
was centri fuged at 100,000 X g for 20 min, followed by gentle 
resuspension of the pellet with a loose fitting Dounce apparatus 
(±100 strokes) The resuspension medium was an isotonic 
sucrose buffer containing (in millimolar concentrations) su­
crose, 250, MgCl2, 5 HEPES Tns, 5 (pH 7 4), dithiothreitol, 1, 
and PMSF, 0 4 The suspension was brought to 40% sorbitol 
by adding 65% sorbitol and centnfuged at 100,000 x g for 90 
mm The band between the overlay and the 40% sorbitol layer 
contains purified BLM which were pelleted (100,000 x g for 
20 min) m 150 mM KCl and 10 т м HEPES Tns (pH 7 4) and 
subsequently used for enzyme assays and *5Ca2+ transport stud 
íes 
Enzyme assays and Ca2* transport studies 
(Na* K*)ATPase assays and Саг+ uptake studies were done 
on the day of isolation and all other assays were performed the 
next day after storage of material in liquid Ы
г
 (Na* 
K+)ATPase, alkaline phosphatase, NADPH dependent cyto 
chrome с reductase, thiamine pyrophosphatase, succinic acid 
dehydrogenase, and protein were assayed as descnbed previ 
ously (12) The percentage of resealed membrane vesicles was 
determined from latency in (Na+ K+)ATPase activity, using a 
1 1 mixture of the detergents Tnton X 100 digitonm (13) 
Uptake studies of "Ca and D [3H] glucose were done by a rapid 
Mil lipo re filtration technique (Milbpore Corp, Bedford, MA), 
as described previously m detail (12) 
Materials 
Tris ATP, poro mtrophenylphosphate, PMSF, EGTA, N· 
(2 hydroxy ethyl )ethy lene diamine N Ν,'Ν'-tnacetic acid 
(HEEDTA), oligomycm, digitonm, theophyllin, aprotimn, and 
diethyl ρ nitrophenylphosphate (DEpNPPi) were obtained 
from Sigma (St Louie) "Ca endo [3H] glucose were purchased 
from New England Nuclear (Dneeich, West Germany), 1,25-
OHgDa was generously provided by Hoffman LaRoche (Basel, 
Switzerland) All other chemiclas were at least analytical grade 
and were obtained from commercial suppliers 
Results 
Duodenal Co2* pump 
By using a slightly modified vibration method accord­
ing to H a m e o n and Webster (11), six populations of cells 
can be obtained that are sequentially released from villus 
tip to crypt base (12) When duodena from — D and + D 
rats are used, this method gives results similar to those 
when duodena from control rats are used In Fig 1, the 
distribution of ATP-dependent Ca 2* transport along the 
villus crypt axis is shown for duodena from - D and + D 
rats The highest activity is found near the villus tip, as 
previously reported for normal rata (12) However, no 
Co2*(nmol/mg prot mm) 
2 5 5 0 7 5 100 
V ·ί. yield С 
FlG 1 Specific activities of ATP dependent Ca1* transport in BLM 
along the villus (V) crypt (C) axis. The fractions are expressed as a 
percentage of the total yield in cell protein -D Duodena from -D 
rats +D duodena from +D rats The mean ±6EM of five experiments 
are given 
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effect of vitamin D deficiency on the ATP-dependent 
Ca2* pump in the duodenum is observed, which is in 
striking contrast with earlier studies (7, 14) The only 
difference with previous studies is the cell isolation pro-
cedure Therefore, the activity of the ATP-dependent 
Ca2* pump in BLM was measured when all villus cells 
were isolated either according to the method of Stern, as 
in earlier studies, or that of Harrison and Webster, as 
shown in Fig 1 The results are shown in Fig 2 
When villus cells are isolated with Stern's method 
there is a 3- to 4-fold reduction in ATP-dependent Ca2+ 
transport in BLM vesicles (BLMV) from —D rats, as 
previously reported (7). Again, no difference is observed 
when cells are isolated with the vibration technique In 
principle, Stem's method could lead to a lower purifica-
tion factor of the BLM preparation or to less well re-
sealed membrane vesicles, but this was not the case, 
since significant differences in vesicle properties were 
not observed between the four vesicle preparations that 
are shown in Table 1 
Stern's method of enterocyte isolation is effective at 
35 C, and since the intestinal lumen is filled with citrate 
buffer, it is possible that enterocytes are exposed to traces 
of pancreatic enzymes With the vibration technique, 
larger volumes of isolation solutions are used, and the 
method is effective at low temperature Therefore, we 
tested whether lipase and protease inhibitors and fasting 
the animals before death have an influence on the Ca2+ 
pump in duodenal BLMV of —D rats The results are 
Co2* (nmol/mg prot mm 
12-
10 
J- É i 
M 
i 
χ 
i i 
-D . 0 
HW 
<Δ. 
-D «D 
S 
FIO 2 Specific activities of ATP dependent Ca2* transport in BLM 
Dependence on vitamin D status and cell isolation method. BLMV 
were purified from duodenal villus cells isolated according to the 
method of Hamson and Vrebster (HW) or that of Stem (S) —D and 
+D are defined m FIK 1 The mean ±SEM of three experimenta are 
given 
D INTESTINAL Ca*> P U M P Errfo-iMn 
Ы120>№>Э 
TABLE 1 Vesicle properties of BLM preparations from duodenum of 
- D deficient and +D rata 
S 
- D 
+D 
HW 
- D 
+D 
Purification 
factor, 
(Na* ЩАТРаве· 
10 7 ± 1 3 (8) 
108 ± 0 8 (4) 
8 6 ± 0 7 ( 6 ) 
8 7 ± 1 2 ( β ) 
%Resealed 
BLM vesicles' 
5 4 0 ± 2 6 ( 5 ) 
608 ± 8 2 ( 3 ) 
56 5 ±3.2(10) 
53 0 ± 4 1 (8) 
(μΐ/mg protein)' 
2 9 ± 0 2 ( 3 ) 
2 6 ± 0 3 (3) 
2 4 ± 0 5 ( 3 ) 
23 ± 0 5 ( 3 ) 
" Specific activity in BLM preparation/specific activity in homoge-
nate 
' Assessed from latency in (Na* K*)ATPase (13) 
' Equilibnum value after 90 mm of incubation (13) 
Values are the mean ± SEM, the number of experimenta is ш 
parentheses S, Enterocytes isolated according to the method of Stern 
(10), HW, enterocytes isolated acconling to the method of Harnaon 
and Webster (11) 
shown in Table 2 Both lipase and protease inhibitors, 
when present during enterocyte isolation according to 
Stem, prevent detenoration of the Ca2* pump Fasting 
the rats for 16 h before death also restores full activity 
of the Ca2+ pump. These experiments clearly indicate 
that the ATP-dependent Ca2+ transport system in duo­
denal BLM of -D rats is more labile and can be specifi­
cally damaged dunng enterocyte isolation procedures 
The results also imply that lipase action on the mem­
brane is a prerequisite for proteolytic breakdown of Ca2* 
pump activity, since lipase inhibitors alone restore full 
activity Therefore, the membrane structure or lipid con­
figuration must be different in vitamin D deficiency 
compared to the BLM of +D rats Indeed, a detailed 
analysis of phospholipid, cholesterol, and fatty acid com­
position yielded significant differences between -D and 
+ D basolateral membrane preparations (manuscnpt in 
preparation) Table 2 also demonstrates that the vitamin 
D-deficient diets have no influence on the Ca2* pump in 
duodenal BLM, since duodenal BLMV from control rats 
fed normal vitamin D supplies exhibit the same Ca2* 
transport rates 
The deterioration of the Ca2* pump dunng Stem's 
enterocyte isolation procedure is a rather specific effect, 
since specific activities of (Na*-K*)ATPase, NADPH-
dependent cytochrome c-reductase, and thiaminepyro-
phosphatase were independent of the cell isolation 
method and the vitamin D status of the rats (Table 3) 
Alkaline phosphatase activity however, was significantly 
reduced by Stern's isolation method, and as previously, 
vitamin D status modulated this activity (Table 3) (15). 
Since alkaline phosphatase is an ecto enzyme facing the 
intestinal lumen, the significant reduction observed after 
Stern's isolation method supports the conclusion that 
proteases are responsible for detenoration dunng cell 
isolation 
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TABLE 2 Effects of lipase ала protease inhibitors present during cell isolation according to the method of Stem on ATP dependent Ca9+ 
transport 
ATP-dependent Ca3* transport rate in BLMV (nmol Ca^/min mg protein) 
Control DEpNPPi PMSF/apratmin 16 h fasted rats 
- D 
+D 
Control 
2 6 ± 1 0 (3) 
10 6 ± 0 6 (3) 
11 2 ± 14(4) 
9 2 ± 2 9 (3) 
10 1 ± 0 6 (3) 
ND 
10 2 ± 0 9 (4) 
11 2 ± 1 2 (3) 
12 3± 1.3(4) 
12 6 ± 2 4 (4) 
13 5 ± 2.2 (3) 
12 4 ± 1 6 (3) 
Control rats were fed a normal vitamin D supply from birth ND Not determined. Values are the mean ± βεΜ, the number of eipenments is 
in parentheses 
TABLE 3 Specific activities of marker enzymes in duodenal villus cell homogenates 
(Na* ЩАТРаве 
(μπιοί 
phosphate/mg 
protein h) 
Alkaline phosphatase 
(»imol PNPP/mg 
protein h) 
Extinction/mg protein h 
NADPH cytochrome 
с reductase 
Thiamine 
pyrophosphatase 
- D 
S 
HW 
+D 
S 
HW 
4 6 ± 0 3 ( 1 3 ) 
4 5 ± 0 5 (8) 
4 4 ± 0 5 ( 4 ) 
5 2 ± 0 6 (6) 
1 3 3 ± 2 1 ( 7 ) · 
3 β 1 ± 3 3 ( 6 ) ' 
26 Э ± 2 4 (4)' 
5 3 6 ± 7 5 ( 4 ) 
31 ± 0 4 (6) 
3 9 ± 0 5 ( 4 ) 
2 β ± 0 7 (4) 
2 β ± 0 6 (5) 
0 64 ± 0 17 (3) 
0 77 ± 0 27 (6) 
0 6 3 ± 0 2 0 ( 3 ) 
0 77 ± 0 16 (3) 
Values are the mean ± SEM the number of experiments is in parentheses. S and HW are defìned in Table 1 Significance was determined by 
Student s ( test 
"0001 < P < 0 0 1 in +D S group, P < 0001 га - D , HW group 
' 0 O K Ρ< 0 05 vs +D HW group 
г 0 0 0 1 < Р < 0 0 1 ш +D HW group 
Ca2+ pumps in distal small intestine 
In normal rats, raised on a vitamin D-replete diet, it 
has been shown that the rate of ATP-dependent Ca2+ 
transport in BLMV decreased more than 10 fold from 
duodenum toward the ileum when enterocytes had been 
isolated according to the method of Stern, while the Ca2+ 
transport rate decreased only 2-fold when cells were 
isolated by vibration according to the method of Harrison 
and Webster (13) It could be demonstrated that the Ca2+ 
pump in jejunal and ileal BLM was far more susceptible 
to extracellular proteolytic activity than the Ca2* pump 
located in the duodenum (13) Since 1,25 (OHhDs in­
duces active Ca2* absorption in the ileum of rats raised 
on a normal and a vitamin D-deficient diet (16), it was 
of interest to test whether this vitamin Da metabolite 
has an effect on the Ca2* pump in the ileum Jejunal and 
ileal cells were isolated with the vibration method to 
avoid isolation artefacts induced by Stern's method (13) 
In Fig 3, ATP dependent Ca2* transport rates are shown 
measured in BLMV from jejunum and ileum of - D and 
+D rats as well as control rats fed normal vitamin D 
supplies Vitamin D status has no effect on the jejunal 
Ca2* pump (P > 0 05) However, in ileum from —D rats, 
a significantly lower Ca2* transport rate was observed 
compared with +D animals (0 001 < Ρ S 0 01) In addi­
tion, Ca2* transport rates were even higher in BLMV 
from the ileum in the control group (0 01 S Ρ £0 05) It 
Co*" ( nmol /mg prot mm) • 
I 
^ 
NOR О 
JEJ 
1 A .<(. 
Ileum 
FIG 3 Specific activities of ATP-dependent Ca'* transport in BLM 
from jejunum and ileum NOR, Control rate fed normal vitamin D 
supply 
is unlikely that the differences in Ca2* transport rates 
between the ileal BLM preparations are due to lower 
(Na* K*)ATPase purification factors or less well re-
sealed vesicles, since these parameters did not vary sig­
nificantly among each other (P > 0 05, Table 4) There 
fore, vitamin D status seems to modulate ileal Ca2* pump 
activity, whereas the duodenal Ca2* pump is not affected. 
Diecussion 
The main conclusions of this study are that the activity 
of the ATP dependent Ca2* pump in the BLM of rat 
duodenum is not influenced by 1,25 (OHbDsper se, but 
the plasma membrane structure in — D rats is altered m 
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TABLE 4 Vesicle properties of BLM preparations from jejunum 
- D 
+D 
Control 
(Na* ЩАТРаве SA ш 
homogenates 
Jejunum 
3 9 ± 0 6 ( 6 ) 
3 2 ± 0 5 (5) 
3 4 ± 0 5 ( 5 ) 
Ileum 
1 7 ± 0 1 (4) 
13 ± 0 3 (5) 
2 0 ± 0 5 (4) 
and ileum of --D and +D rate 
Purification factor 
(Na* ЩАТРале· 
Jejunum 
7 7 ± 1 4 (6) 
9 4 ± 2 3 ( 5 ) 
9 5 ± 1 0 ( 6 ) 
Ileum 
9 1 ± 1 1 (4) 
12 2 ± 3 9 (5) 
11 1 ± 1 2 (4) 
% Resealed BLMV4 
Jejunum 
51 ± 6 (6) 
50 ± 3 (5) 
55 ± 5 (5) 
Ileum 
53 ± 8 (4) 
58 ± 4 (5) 
60 ± 5 (3) 
Specific activity is eipressed as micromoles of phosphate per h/mg protem Control rata were fed a normal vitamin D supply Values are the 
mean ± SEM the number of eipenments is in parentheses 
' Specific activity in BLM/specific activity in homogenate 
'Assessed from latency in (Na* K*)ATPase (13) 
such a way that Ca2+ pumps become more susceptible to 
proteolytic inactivation during the enterocyte isolation 
procedure Fasting the animals before death or the pres 
enee of lipase and/or protease inhibitors during cell 
isolation effectively prevents inactivation of the plasma 
membrane Ca2+ pump in duodena from — D rats 
In a recent study, Walters and Weiser (14) reported 
that the normal duodenal villus crypt gradient of ATP-
dependent Ca2* transport in BLM was absent in vitamin 
D deficiency The sequential removal of cells was realized 
by means of a modification of Weiser's method (17), 
using citrate as calcium ligand and an incubation tem­
perature of 37 C, which is comparable to Stem's method 
(10) In our study a normal duodenal villus crypt gradient 
of Ca2* transport in vitamin D deficiency was found, this 
must be entirely due to the different cell elution tech 
nique, t e a vibration method operating at 4 С 
Using chick duodenum, Chandler et ai (8) demon­
strated a vitamin D dependent ATP driven Ca2+ trans 
port in BLMV The first noticed increase in Ca2+ trans 
port rate was seen 8 h after 1,25 (OHbDs injection, with 
a maximal effect occurring after 24 h The BLM were 
isolated from mucosal scrapings of chick duodena It is 
at present unknown whether the duodenal Ca2+ pump m 
—D chicks is inactivated by this procedure A recent 
study by Walters et al (18) reported that BLM and Golgi 
membranes isolated from intestinal scrapings contained 
unusually high concentrations of FFA compared to mem 
branes obtained from isolated cells This result implies a 
considerable higher lipase activity in scrapings than in 
isolated cells In view of our study and the one of Walters 
et al (18) it is imperative to repeat the experiments with 
chick duodena and either to use a vibration technique 
for cell isolation or to test the effect of protease inhibí 
tors 
In a previous study we could demonstrate that the 
plasma membrane Ca2* pump in the distal small intes 
tine is more sensitive to proteolytic inactivation than is 
the duodenal Ca2+ pump (13) In the same study protease 
inhibitors only partly prevented the selective damage of 
Ca2* transport when enterocytes were isolated according 
to the method of Stern, while lipase inhibitors were 
without effect (13) In the present study, vitamin D 
deficiency led to an increased sensitivity of the duodenal 
Ca2+ pump to selective damage during cell isolation pro-
cedures However, lipase as well as protease inhibitors 
prevented this selective damage The presence of a lipase 
inhibitor alone restored full activity of the Ca2+ pump, 
indicating that the membrane structure is altered in 
vitamin D deficiency It is well documented that 1,25-
(ОШгОз exerts a profound effect on phospholipid syn­
thesis and on the phospholipid composition of small 
intestinal brush border membranes (1, 19) In addition, 
changes in brush border membrane topography induced 
by 1,25 (OH)2Da have been assessed by limited proteol­
ysis of brush border hydrolases (20) So far, no lipid 
analysis and effects of vitamin D status on BLM have 
been reported. Therefore, we have studied in detail cho­
lesterol content and phospholipid and fatty acid compo­
sition of plasma BLM and found significant changes 
between -D and +D samples (manuscript in prepara­
tion) 
Stimulation of intestinal Ca2* absorption by 1,25-
(OHbDs requires an increase in at least two partial 
reactions in the absorptive process influx of Ca2* into 
the cell and efflux out of the cell Since we conclude from 
the above study that 1,25 (OHbDa has no effect on the 
maximum velocity of the efflux process, ι e the ATP-
dependent Ca2* pump, there must be another mechanism 
responsible for an increased efflux Bikle et al (21) 
concluded that the intracellular free Ca2+ concentration 
is significantly higher in duodenal cells from +D chicks 
(130 пм) compared to that in -D controls (71 пм) The 
apparent affinity of the duodenal Ca2+ pump for Ca2+ 
has been previously measured and is around 100 nM (9) 
This means that an increase in the intracellular free Ca2* 
concentration from 71 to 130 пм almost doubles the rate 
of Ca2+ efflux via the ATP dependent Ca2* pump There 
fore, no extra provisions seem to be needed to increase 
the rate of Ca2+ efflux to the parental side other than an 
increase in intracellular free Ca2+ It is noteworthy that 
1 25 (OH^Dj also increases cytosolic Ca2+ levels in hep 
atocytes (22) 
The distal small intestine plays a distinct role in 
- 40 -
VITAMIN D DEFICIENCY AND INTESTINAL Ca2* PUMP 873 
calcium metabolism, since it either secretes Ca2* into the 
lumen or reabsorbs Ca2* after extra injections of 1,25-
(ОШгВт (16) In our study we found a vitamin D-de-
pendent Ca2* pump in ileal BLM It is, therefore, likely 
that transcellular Ca2* fluxes in ileum are regulated in a 
different way by 1,25-(ОН)20з than those in the duo­
denum The absence of a significant amount of vitamin 
D dependent CaBP in the ileum is certainly another 
indication (23) When CaBP has a role in buffering 
cytosohc free Ca2*, the ileal cell is less well equipped for 
controlling intracellular Ca2* levels within certain limits, 
and therefore, 1,25 (ОНЬОз may regulate the pump ca­
pacity by the number of pump sites and not by an 
increase in free calcium as in the duodenum This hy­
pothesis is pure speculation, but it is accessible to exper­
imental verification 
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Chapter 5 
LIPID COMPOSITION OF BASOLATERAL MEMBRANES FROM RAT ENTEROCYTES: 
EFFECTS OF VITAMIN D DEFICIENCY AND CELL ISOLATION METHODS 
Emile J.J.M, van Corven, Diny A.H.M, van Groningen, Willem J. de Grip, and 
Carel H. van Os. 
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5.1 Abstract 
Duodenal and ileal villus cells of control (normal diet), vitamin D-deficient 
and 1,25(0Н)20з repleted rats were isolated either with a vibration technique 
in EDTA-saline at 4eC according to Harrison and Webster, or with a citrate 
buffer at 370C according to Stern. The cholesterol, phospholipid and fatty 
acid contents of purified basolateral membranes were determined. Cell isola­
tion according to Stern resulted in a marked decrease in membrane cholesterol 
without an effect on the phospholipid or fatty acid content. Vitamin 
D-deficiency had no significant effect on duodenal membrane cholesterol. How­
ever, in the ileum 1,25(0Н)2Вз repletion resulted in a 2-fold higher choles­
terol content as compared to normal rats. It is also shown that ileal basola­
teral membranes have higher cholesterol levels than their proximal equivalent. 
The phopholipid composition in duodenal and ileal basolateral membranes of 
rats on a normal diet was similar. Vitamin D-deficiency led to an increase in 
phosphatidylcholine and a decrease in phosphatidylserine/inositol content in 
duodenal basolateral membranes. However, repletion with 1,25(0Н)20з did not 
restore these levels to control values. In ileum, vitamin D-deficiency 
resulted in lower phosphatidylethanolamine and higher sphingomyelin, 
phosphatidylserine/inositol levels. Repletion partly restored the original 
phosphatidylethanolamine and phosphatidylserine/inositol levels. 
Fatty acid analysis of normal rats revealed a higher degree of saturation in 
ileum as compared to duodenum, predominantly due to an increase in palmitic 
acid and a decrease in oleic and linoleic acid. Surprisingly vitamin 
D-deficiency reduced these differences in fatty acid composition between the 
intestinal segments. In duodenal basolateral membranes one profound effect of 
1,25(0Н)2Вз was observed: vitamin D-deficiency markedly reduced the oleic and 
linoleic acid content and increased the stearic acid content in the sphingo­
myelin fraction. We postulate that these changes in fatty acid composition 
may be responsible for the increased susceptibility of Ca2+-puroping ATPase for 
proteolytic enzymes during cell and membrane isolation, which we previously 
reported (Van Corven et al, 1987, Endocrinology 120, 868-873). 
5.2 Introduction 
Absorption of nutrients in the small intestine is mainly a transcellular pro­
cess and includes transmembrane movement across the brush border and subseq­
uently across the basolateral membrane (1). These transport processes are 
thought to be influenced by changes in membrane lipid composition (2). For 
instance, the influx of calcium across the brush border membrane is known to 
be greatly enhanced by 1,25-dihydroxyvitamin D3 (1,25(0Н)20з; ref 3,4). This 
need not be solely due to new protein synthesis as originally postulated (5), 
but rather to changes in the brush border membrane lipid composition and 
structure (4,6), which increase membrane fluidity resulting in an increased 
calcium permeability (4). One of the parameters which influence membrane flu­
idity is the saturation index of the fatty acids (7). Several reports indicate 
that 1,25(0Н)20з increases the percentage of cis-unsaturated fatty acids with 
a concommitant decrease in saturated fatty acids (8-10). 
Lipid protein interactions could also be involved in transport activity of 
proteins in the basolateral membrane (11). One of these proteins is the 
Ca2+-pumping ATPase, which actively extrudes calcium out of enterocytes. From 
reconstitution experiments it was concluded that the Caz+-pumping ATPase of 
erythrocytes is stimulated by oleic and linoleic acid and by phosphatidylse­
rine (12). Reconstituted sarcoplasmic reticulum Ca2+-pumping ATPase is stimu­
lated by oleic acid and by phosphatidylcholine (7), while also cholesterol is 
reported to be involved (13,14). 
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Until now the Ca2*-pumping ATPase of the small intestine has not been purified 
and reconstituted. It has been reported that 1,25(0Н)2Вз stimulates the 
Ca2+-pumping ATPase in duodenal basolateral membranes (15,16). Recently we 
found that this vitamin D effect most likely represents a cell isolation arte­
fact (17). Cell isolation at 370C resulted in lower calcium transport rates in 
basolateral membranes of vitamin D-deficient rats. Addition of proteinase 
inhibitors to the cellisolation buffer or fasting the animals before sacrifice 
prevented deterioration of the Ca2+-puraping ATPase (17). It was concluded that 
the basolateral membrane lipid structure of vitamin D-deficient rats was 
altered in such a way that the calcium pump molecules become susceptible to 
traces of proteinases present during cell isolation (17). In this study we 
investigated the effects of vitamin D-deficiency and cell isolation methods on 
the basolateral membrane lipid composition of rat duodenal villus cells. In 
addition, the lipid composition of ileal basolateral membranes is determined 
since 1,25(ОН)20з appears to influence the ileal basolateral membrane calcium 
pump (17). 
5.3 Methods and Materials 
Vitamin D-Deficient Rats 
Vitamin D-deficient male Wistar rats were raised as described before in detail 
(18). With this procedure 8 to 10 week old rats were obtained weighing 150-200 
g and having a total plasma calcium level of 1.47±0.04 mM (n=22). Vitamin 
D-deficient animals were repleted by i.p. injection of 160 ng 1,25(0Н)20з 
(Hoffman la Roche, Basel) 48 and 24 h before sacrifice. After repletion, plas­
ma calcium levels increased to 2.34±0.08 mM (n=24). Control rats were raised 
on the same diet with a normal vitamin D supply (2.2 iu/g). 
Enterocyte Isolation and Purification of Basolateral Membranes 
Rats were killed by a blow on the head. The first 15 cm distal to the pylorus 
(duodenum) and 15 cm of terminal ileum were removed and rinsed with ice-cold 
saline containing 1 mM dithíothreitol. Cells were isolated according to Stern 
(19) or Harrison and Webster (20). In the first method intestinal sacs are 
filled with citrate buffer (in mM: Na citrate, 27; NaCl, 96; KCl, 1.5; KH2PO*, 
8; ЫагНРО^, 5.6; pH=7.4) and incubated under constant shaking at 370C for 15 
min in isotonic saline. Villus cells, released by squeezing the intestinal 
sacs, were pelleted (200xgxl0 min) and washed in ice-cold isotonic saline. In 
the second method, everted pieces of intestine were tied onto metal rods and 
vibrated (2 mm amplitude, 60 Hz) in saline at 40C. Shed debris was discarded 
after 1 min. A subsequent 1 h period of vibration in the presence of 2.5 mM 
EDTA released all villus cells (17). Isolated cells were washed with saline 
and homogenized during 1 min using a polytron (Braun) in 10 ml medium contain­
ing, in mM: NaCl, 25; Hepes-Tris, 1; phenylmethanesulphonylfluoride, 0.4; 
dithíothreitol, 1; pH=8.0. Basolateral membranes, isolated as described before 
(17), were resuspended in (mM): KCl, 150; EDTA, 0.1; Hepes-Tris, 10; pH=7.4. 
Membranes were frozen in liquid nitrogen until use. 
Lipid Analysis 
Total membrane phosphate was determined according to Fiske-Subbarow as 
described before (21). Lipids were extracted from the membranes using a modi-
fied Folch-method (21), except that dichloromethane was used instead of tri-
chloromethane. The total cholesterol content of the lipid extracts was deter-
mined with a commercial kit (nr 351, Sigma, St.Louis). 
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Phospholipids were separated by HPLC using a modification of the procedure 
described by Nissen and Kreysel (22). HPLC was performed with a LKB 2150 HPLC-
pump and a LKB 2152 HPLC controller. A solvent polarity gradient was applied, 
composed of acetonitril (Fisons A/0627, HPLC grade) and freshly double dis­
tilled water. Mobile component A was pure acetonitril and component В was a 
mixture of acetonitril and water (80:20 v/v). Eluents were degassed before 
use. The eluent was monitored at 206 nm with a Kratos Spectroflow 757 UV-VIS 
detector. The separation column (250x4.6 mm I.D.) was packed with Lichrosorb 
Si 60-5 (Merck, Darmstadt, F.R.G.). Aliquots of 100 μΐ of the total lipid 
extract in dichloromethane:methanol (2:1) were directly injected without fur­
ther pretreatment. The column was equilibrated with 13% B. The gradient pro­
gram contained 5 steps: 0-3 min 13% В, 3-13 min from 13% В to 75% В linear 
gradient, 13-20 min 75% В, 20-22 min from 75 to 80% В, 22-35 min kept at 80% 
В. Flow rate was 1 ml/min. The eluting phospholipids were collected with a LKB 
2212 Helirac-fraction collector and methyl esters of the fatty acids were pre­
pared as described before (21). Identification of the phospholipids was 
double-checked by 2D-TLC (21). 
Methyl esters were finally dissolved in iso-octane (Merck, Darmstadt, F.R.G.) 
and analyzed on a Pye Unicam gaschromatograph model 204, equipped with an on-
column injector and flame ionization detector. Aliquots of 0.5 ul were inject­
ed on a 50 m χ 0.22 mm fused silica WC0T CP-Sil 88 column (Chrompack, Middel­
burg, The Netherlands). The initial column temperature was 90 С which was 
raised with 320C/min to a final temperature of 220eC. As an internal standard 
heneicosanoic acid (21:0, Supelco Inc. Bellefonte, PA) was added to the col­
lected HPLC fractions prior to methylation. This enabled us to calculate abso­
lute fatty acid contents and hence the molar ratio of the phosholipids classes 
in a phospholipid extract. 
Statistical Analysis 
The results were evaluated statistically by paired t-test and analysis of var­
iance followed by contrast analysis (SAS institute, Gary, USA). 
Abbreviations 
1,25(0Н)2Вз, 1,25 dihydroxyvitamin D3; EDTA, ethylenediamine tetra acetic 
acid; Hepes, 4(2-hydroxyethyl)-l-piperazine ethane sulphonic acid; HPLC, high 
performance liquid chromatography; 2D-TLC, two-dimensional thin layer chroma­
tography. 
5.4 Results 
The basolateral membrane cholesterol content of cells isolated according to 
Harrison and Webster or Stern is given in table 5.1. In duodenum as well as in 
ileum the isolation method according to Stern results in lower cholesterol 
levels. The basolateral membrane cholesterol content is higher in ileum in 
accordance with Brasitus and Schachter (23). The vitamin-D status especially 
affects the ileum: a 2-fold increase in cholesterol content is observed in 
vitamin D-repleted rats compared with normal rats (ρέΟ.001). 
Simultaneously we investigated the effect of the cell isolation method and 
vitamin D-status on membrane phospholipid composition. The total phosphate 
content, an indication for the total amount of phospholipid, seems to be inde­
pendent of the vitamin D-status and the cell isolation method (table 5.2). 
Likewise no differences are observed between duodenum and ileum (table 5.2). 
- 46 -
Table 5.1: Basolateral membrane cholesterol content. 
Membranes were derived from enterocytes of normal (nor), vitamin 
D-deficient (-D) and 1,25(011)2153 repleted (+D) rats. Cells were isolat­
ed according to Harrison and Webster (HW) or Stern (S). Cholesterol is 
given in vg/mg protein. 
Duodenum HW 
S 
Ileum HW 
S 
nor 
55.3+1.01 
28.0І2.92 
75.3+2.9' 
54.8±1.1 
55 
35 
-D 
.9±5.9 
.6±5.8 
n.d. 
n.d. 
+D 
78.0І6.71 
42.2І6.5» 
149.4±4.2 
122.7113.4 
Mean 1 SEM is given of 3 to 4 experiments. 
n.d. not determined 
1
 ρ < 0.001 compared with ileum HW 
2
 ρ S 0.01 compared with duodenum HW and ileum S 
1
 ρ < 0.01 compared with ileum S 
'* p i 0.05 compared with duodenum HW and 
ρ й 0.01 compared with ileum S 
Table 5.2: Basolateral membrane phosphate content. 
Membranes were derived from enterocytes of normal (nor), vitamin 
D-deficient (-D) and vitamin D-repleted (+D) rats. Cells were isolated 
according to Harrison and Webster (HW) and Stern (S). Total phosphate 
content is given in Ug/rag protein. 
Duodenum HW 
S 
Ileum HW 
S 
Mean + SEM is 
nor 
19.211.3 
15.4+1.0 
16.512.8 
16.310.5 
given of 3-5 
-D 
19.110.4 
16.911.6 
16.913.2 
18.112.1 
experiments. 
+D 
16.6+2.1 
16.112.1 
16.711.1 
16.8+2.0 
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The phospholipid composition of the basolateral membrane was determined by 
HPLC. Four phospholipid fractions could be obtained: phosphatidylethanolamine, 
phosphatidylcholine, sphingomyelin, and a mixture of phosphatidylserine and 
phosphatidylinositol. The lysophospholipid content was low («1.0%). The per­
centage distribution of the phospholipids in duodenal and ileal basolateral 
membranes of normal and vitamin D rats is given in table 5.3. The phospholipid 
distribution profiles of both cell isolation methods were not significantly 
different which allowed us to pool the results. 
Table 5.3: Distribution of phospholipids in basolateral membranes. 
Membranes were derived from duodenum and ileum of normal (nor), vitamin 
D-deficient (-D) and vitamin D-repleted (+D) rats. PE: phosphatidyleth­
anolamine; PC: phosphatidylcholine; SM: sphingomyelin; PS+PI: phosphati-
dylserine+phosphatidylinositol. The results of the Harrison and Webster 
cell isolation and Stern cell isolation are pooled. 
PE PC SM PS+PI 
Duodenum nor 36.9±1.3 41.711.51 11.4±1.2 10.7±0.92 
-D 34.812.0 46.2±1.7 12.4+1.1 6.7±0.7 
+D 34.111.3 48.9+1.4 10.2+1.2 6.6+0.7 
Ileum nor 38.610.8Э 42.6±1.8 11.7+2.41 7.2+1.3* 
-D 28.4+2.1 38.2+3.8 18.712.1 11.0+0.2 
+D 31.711.6 37.7+2.0 18.711.0 9.0+1.2 
Mean 1 SEM is given of 8 (ID) and 13 (nor) experiments in 
duodenum and 4 experiments in ileum. 
1
 ρ й 0.05 compared with +D 
2
 ρ < 0.01 compared with -D and +D 
3
 ρ < 0.05 compared with +D and 
ρ i 0.01 compared with -D 
* ρ < 0.05 compared with -D 
Phosphatidylethanolamine or phosphatidylcholine are the major phospholipid 
classes. Duodenal membranes of vitamin D-deficient rats increase their con­
tents of phosphatidylcholine and decreased that of phosphatidylserine/ 
inositol. However the 2 injections of 1,25(0Н)2Вз given intraperitoneally to 
the deficient rat 48 and 24 h prior to sacrifice did not restore the phospho­
lipid distribution to normal control values. In ileum the effect is different. 
Vitamin D-deficiency results in a decrease in phosphatidylethanolamine and a 
concommitant increase in sphingomyelin and phosphatidylserine/inositol content 
(table 5.3). Moreover, 1,25(0Н)20з repletion partially restores the phospha­
tidylethanolamine and phosphatidylserine/inositol content. Ileal phosphatidyl­
choline is not affected by the vitamin D-status (table 5.3). These results 
indicate that duodenum and ileum respond differently to vitamin D-deficiency. 
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Table 5.4: Fatty acid distribution in the basolateral membranes. 
For the meaning of the symbols see legend of table 5.3. Mean ± SEM is 
given of 7 (±D) and 12 (nor) experiments for duodenum and 4 experiments 
for ileum, p: analysis of variance comparing duodenum and ileum. 
16:0 
Phosphat idy1ethano1amine 
18:0 18:1 18:2 
ρ 0.0075 
Phosphat idy1cho1 ine 
0.0001 0.0000 
0.0110 0.0020 
PhosphatidyIserine/inositol 
0.0020 
ρ S 0.01 compared with -D and +D (duodenum) 
ρ £ 0.05 compared with -D (duodenum) and 
ρ 1 0.01 compared with +D (duodenum) 
ρ £ 0.05 compared with -D (duodenum) 
0.0001 
20:4 
Duodenum nor 
-D 
+D 
Ileum nor 
-D 
+D 
30.7±1.8 
35.3±1.3 
36.0±1.6 
38.8±1.4 
34.6±4.1 
32.9±2.6 
29.0±1.1 
29.6±1.3 
29.6±2.0 
28.8±1.0 
36.0±3.1 
36.312.0 
15.210.5' 
9.310.6 
8.710.5 
8.310.9 
6.612.1 
7.812.4 
13.110.71 
7.910.4 
6.610.7 
4.810.5 
6.112.0 
4.911.6 
10.911.2 
8.410.7 
8.310.8 
4.811.1 
8.414.2 
5.612.6 
0.0000 
Duodenum nor 
-D 
+D 
Ileum nor 
-D 
+D 
Ρ 
Sphingomyelin 
Duodenum nor 
-D 
+D 
Ileum nor 
-D 
+D 
34.811.1* 
40.8+0.8 
41.912.2 
50.213.8 
41.814.3 
42.912.2 
0.0017 
41.611.4 
43.010.4 
43.012.1 
42.711.1 
42.311.1 
44.012.3 
20.110.6 
21.410.9 
20.411.0 
22.614.0 
21.413.7 
26.313.3 
25.911.5 
32.111.4' 
28.411.5 
32.512.5 
28.711.1 
27.914.1 
15.2І0.41 
10.210.6 
12.210.7 
7.414.7 
12.612.7 
11.012.4 
15.510.9 
7.610.6* 
12.510.9 
9.010.8 
9.110.8 
10.511.2 
20.611.21 
13.810.9 
14.411.3 
5.013.2 
13.112.8 
9.412.4 
0.0000 
11.711.5» 
4.710.5 
6.311.1 
0.610.3* 
5.710.7 
4.211.0 
7.311.2 
6.110.5 
5.410.8 
2.311.4 
6.412.3 
4.611.5 
2.110.4 
1.110.3 
0.810.3 
1.310.4 
1.810.3 
1.010.2 
Duodenum nor 
-D 
+D 
Ileum nor 
-D 
+D 
27.3i0.8T 
35.7+3.7 
36.512.7 
44.4+1.0 
43.711.4 
37.916.4 
34.011.2 
31.1+1.4 
33.410.9 
28.4+2.9 
30.412.4 
39.513.1 
10.810.6 
10.8+0.7 
9.311.3 
11.211.5 
9.8+1.6 
10.8+2.3 
12.310.9T 
7.7+2.0 
6.611.3 
1.9+1.6 
4.3+0.8 
1.7+1.3 
13.5+1.1· 
6.2+2.6 
5.2+2.2 
0.010.0 
0.0+0.0 
0.0+0.0 
0.0000 
continued 
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* ρ S 0.01 compared with nor and +D (duodenum) 
s
 ρ S 0.05 compared with -D and +D (duodenum) 
' ρ й 0.05 compared with +D (ileum) and 
ρ 5 0.01 compared with -D (ileum) 
7
 ρ < 0.05 compared with +D (duodenum) 
The last parameter studied is the fatty acid composition of the phospholipid 
fractions. The cell isolation method did not affect the fatty acid distribu­
tion. The pooled fatty acid distributions of phosphatidylethanolamine, phos­
phatidylcholine, sphingomyelin, and phosphatidylserine/inositol are summarized 
in table 5.4. Some general observations can be made. Fatty acids other than 
those mentioned in the table were below the level of detection. In duodenum, 
vitamin D-deficiency results in a decrease in unsaturated fatty acids (espe­
cially oleic acid) with a concommitant increase in saturated fatty acids. In 
all phospholipids the increase in palmitic acid is evident. An exception is 
sphingomyelin where an increase in stearic acid is observed. However, reple­
tion with 1,25(0Н)20з does not restore the fatty acid levels in phosphatidy­
lethanolamine, phosphatidylcholine, and phosphatidylserine/inositol to control 
values (table 5.4). This might be due to differences in the food lipid compo­
sition, which could influence membrane fatty acid levels (7). The fatty acids 
of duodenal sphingomyelin respond to 1,25(0Н)2Вз repletion. Stearic acid 
(18:0) as well as oleic acid (18:1) and linoleic acid (18:2) tend to return to 
control values upon repletion (table 5.4). 
In ileum vitamin D-deficiency produces different effects, since an increase of 
the unsaturated fatty acid content (especially 18:2) in phosphatidylcholine 
and sphingomyelin is observed. The concommitant decrease in saturated fatty 
acids is, however, not statistically significant. The conclusion is justified 
that the two intestinal segments respond differently to vitamin D-deficiency. 
From table 5.4 it can also be concluded that the level of fatty acid satura­
tion of normal rats is higher in ileum than in duodenum, predominantly due to 
a higher palmitic acid (16:0) content in phosphatidylethanolamine, phosphati­
dylcholine, and phosphatidylserine/inositol, and a higher stearic acid (18:0) 
content in sphingomyelin. The increase is counter balanced by a decrease in 
all unsaturated fatty acids. Vitamin D-deficiency reduces the differences in 
fatty acid composition of duodenum and ileum. Unsaturated fatty acids decrease 
and saturated fatty acids increase in basolateral membranes of duodenum while 
the opposite is observed for ileum. A marked difference between the two intes­
tinal segments is the absence of arachidonic acid (20:4) in the ileal 
phosphatidylserine/inositol fraction. 
5.5 Discussion 
One of the most striking observations of this study is the large decrease in 
membrane cholesterol content when cells are isolated according to Stern (table 
5.1). The cholesterol/phospholipid weight ratio of duodenal cells isolated by 
vibration at 40C is 0.33, which is comparable to earlier reports (23,24). The 
decrease in basolateral membrane cholesterol in duodenum and ileum must be due 
to the cell isolation method since the same membrane isolation procedure is 
followed after cell isolation. It has been reported for erythrocytes that 
plasma membrane cholesterol levels are determined primarily by the plasma lev­
el of unesterified cholesterol (25,26). Transport of plasma membrane choles-
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terol to the intracellular compartment was found to be unlikely (27). Since 
these processes are likely to be temperature dependent, this phenomenon could 
explain the lower membrane cholesterol levels using the citrate buffer cell 
isolation method, which is performed at a physiological temperature. 
Comparing duodenum and ileum, we observe an increase in cholesterol, 
cholesterol/phospholipid molar ratio and degree of saturation of the fatty 
acids in the distal small intestine. These results are comparable with an ear­
lier report (23) and indicate a decrease in membrane fluidity. 
The vitamin D metabolite 1,25(0Н)2І)з has no significant effect on duodenal 
basolateral membrane cholesterol content (table 5.1). This is similar to brush 
border membranes of enterocytes (8,10,28) and plasma membranes of skeletal 
muscle (29). However, in ileum a 2-fold higher membrane cholesterol content is 
found in vitamin D-repleted rats (table 5.1). A plausible explanation for this 
effect is not available at the moment, but it is of interest since membrane 
cholesterol content was reported to influence Ca2+-pumping ATPase activity 
(30,31). 
The vitamin D status also had no effect on total basolateral membrane phos­
phate levels (table 5.2). This was also observed in brush border membranes of 
chick enterocytes (28) and rat kidney (9). Furthermore, absolute amounts of 
membrane phospholipids (0.16-0.20 ymol/mg protein, table 5.2) are in the same 
range as in brush border membranes of enterocytes (0.19-0.3 yinol/mg protein, 
ref 28) and kidney (0.16-0.20 vmol/mg protein, ref 9). 
Repletion of vitamin D-deficient rats with 1,25(0Н)2Ьз 48 and 24 h before sac­
rifice had relatively little effect on membrane phospholipid and fatty acid 
content. Since the turnover of villus cells is ±48 h (32,33), it is unlikely 
that the 2 injections with 1,25(ОН)2Пз are not sufficient to restore phospho­
lipid and fatty acid levels to values comparable with normal diet rats. More­
over we did observe specific effects of 1,25(ОН)2Вз on stearic and oleic acid 
of sphingomyelin (table 5.4). More likely explanations are differences in 
diet, known to affect membrane fatty acid content (7), or the absence in vita­
min D-deficient and l,25(0H)2D3-repleted rats of other vitamin D metabolites 
which could affect membrane phospholipid and fatty acid content. 
An interesting observation is the complete lack of arachidonic acid in the 
ileal phosphatidylserine/inositol fraction (table 5.4). The phosphatidylinosi­
tol cycle is known to be involved in cellular stimulus-response coupling (34). 
Hydrolysis of phosphatidylinositol 4,5-bisphosphate in the plasma membrane 
yields diacyglycerol and inositol 1,4,5-trisphosphate. This last compound 
releases calcium from non-mitochondrial calcium stores (34). Calcium stores 
of duodenal and ileal enterocytes have also been shown to respond to the sec­
ond messenger inositol 1,4,5-trisphosphate (35). Diacylglycerol, an activator 
of protein kinase C, usualy contains arachidonic acid at the 2-position (36). 
Arachidonic acid is a precursor of eicosanoids (37) and may directly mobilize 
calcium from intracellular stores (38). If arachidonic acid serves these 
functions in intestinal cells, in ileum this fatty acid must be derived from 
other phospholipids like phosphatidylcholine and phosphatidylethanolamine, as 
has been reported for platelets (39). 
The Ca2+-pumping ATPase in purified duodenal basolateral membranes was report­
ed to be dependent on the vitamin D status (15,16). We recently demonstrated 
that this effect was a cell isolation artefact, and postulated that 
1,25(0Н)2Вз affected the basolateral membrane lipid composition in such a way 
that the Ca2+-pumping ATPase becomes less sensitive towards luraenal proteolyt­
ic activity (17). In duodenum we found one clear effect of 1,25(0Н)2Сз: a 
change in fatty acid composition of sphingomyelin (table 5.4). As summarized 
in table 5.5, this parameter could be associated with the decrease in basola­
teral membrane ATP-dependent calcium transport rate in duodenum of vitamin 
D-deficient rats. An interesting aspect is that sphingomyelin is mainly local­
ized on the extracellular side of the lipid bilayer of the plasma membrane 
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(40). This would support our hypothesis that during Stern's cell isolation 
traces of pancreatic enzymes are acting on the extracellular side (17). This 
suggests that more unsaturated sphingomyelin is able to protect the 
Ca -pumping ATPase against direct (proteolytic) or indirect (lipolytic) dam­
age during cell isolation. A direct dependence of duodenal Ca2+-pumping 
ATPase on the degree of saturation of sphingomyelin is unlikely, since cells 
isolated with the Harrison and Webster method, thus in the absence of proteo­
lytic activity, had calcium transport rates which were unaffected by the vita­
min D status (17). 
Table 5. 
Ratio of 
fractions 
dependent 
purified 
meaning о 
nor 
-D 
+D 
5: Basolateral Tiembrane ca cium transport 
acid saturation index of phospholipids. 
saturated 
were cal 
calcium 
duodenal 
versus 
culated 
unsaturated 
using the 
fatty acids of 
values given 
transport (nmol/mg protein.min) 
rate 
the 
and the fatty 
4 phospholipid 
in table 5.4. 
was 
ATP-
determined in 
basolateral membranes of Stern isolated cells. 
f the symbols see 
phospholipid 
PE 
1.5 
2.5 
2.7 
PC 
1.3 
2.1 
1.9 
the legend 
saturation 
SM 
2.3 
5.7 
3.7 
of table 5.3. 
index calcium 
rate ( 
PS+PI 
1.7 
2.7 
3.3 
11 
2 
10 
transport 
ref 17) 
2 
6 
6 
For 
No direct correlation could be found between Ca2+-pumping ATPase activity and 
duodenal membrane cholesterol content: among the three groups of rats tested 
duodenal cholesterol did not vary, while calcium transport was markedly 
decreased in vitamin D-deficient rats (17). Also ileal cholesterol content 
(table 5.1) is not correlated with calcium transport activity (17). It has 
been reported that the cholesterol content did not influence the Ca -pumping 
ATPase in erythrocytes (41) and sarcoplasmic reticulum (42). In reconstitution 
experiments, effects of cholesterol on heart muscle Ca2+-ATPase activities 
have been found (13,31). However, the activity of Ca2+-ATPase with a complete 
phospholipid annulus was not affected by cholesterol (30). If membrane lipids 
affect Ca -ATPase activities it is rather by changes in membrane order which 
depends upon cholesterol, cholesterol/phospholipid molar ratio and degree of 
saturation of the fatty acids. (Na+-K+)-ATPase activity was shown to be 
inversely and precisely related to membrane order as measured by an electron 
spin resonance technique (43). The marked differences in membrane order 
between duodenal and ileal basolateral membranes could explain the 2-fold 
decrease in calcium transport rate in basolateral membranes of distal small 
intestine (17,44). However, it can not be excluded that the density of the 
pump molecules is reduced, as has been demonstrated for (Na+-K+)-ATPase by 
Η-ouabain binding (23). 
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ABSTRACT 
45 2+ 
Isolated rat enterocytes were permeabilized by saponin treatment. Ca 
was accumulated by these cells when provided with ATP in a medium con­
taining Ca 2 + ligands. The use of oxalate, vanadate and mitochondrial in­
hibitors indicated that both non-mitochondrial and mitochondrial pools 
are involved. Kinetic analysis of non-mitochondrial Ca uptake revealed 
а К™ of 0.1 yM Ca2"1" and a V
m a x
 of 0.4 nmol Ca2+/mg protein.mm for this 
Ca2^-pumping ATPase activity. Mitochondria started to take up Ca 2 + be­
tween 0.2 and 0.3 uM free Ca 2 + reaching maximal rates around 2 μΜ. At 1 
9-4- 9 + 
μΜ free Ca^1" mitochondria accumulated 20 times more Caz than the non-
mi tochondnal pool. 
2+ 
Inositol I,4,5-trisphosphate released 40% of the Ca content of the non-
mitochondnal pool. Half-maximal release was observed at 0.5 and I.5 μΜ ІРэ 
in duodenal and ileal cells respectively. These findings support the possi­
bility that the phosphatidyl inositide metabolism plays a role in regu­
lation of electrolyte transport in enterocytes. 
INTRODUCTION 
Calcium absorption by intestinal epithelium plays a primary role in the 
calcium homeostasis of the body. A model for active Ca 2 + absorption in­
volves passive entry across the brush border membrane, diffusion through 
the cytosol, and ATP-dnven efflux across the basolateral plasma membrane. 
Studies with isolated brush border and basolateral membrane vesicles have 
begun to delineate the Ca 2 + influx and efflux mechanisms (1,2,3,4,5). 
Information on the fate of Ca 2 + in transit through the cell is scarce. 
Active Ca 2 + sequestration by intracellular organelles and buffering by vi­
tamin D-dependent calcium binding protein may be involved in intracel­
lular handling of Ca 2 + in transit (6,7,8,9). In addition, intracellular 
Ca is a second messenger, as c-AMP and c-GMP, in the regulation of 
electrolyte absorption and secretion (10,11). Recently, permeabilized 
cell suspensions have been used in studies on active Ca 2 + uptake by intra­
cellular membranes in a variety of cells (12,13,14). 
197 
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45 2+ 
Very recently, a study was published describing Ca uptake in per­
meabilized rat enterocytes (15). Both mitochondrial and non-mitochondrial 
compartments were responsible for Ca accumulation. In the present study 
we used permeabilized enterocytes of the villus region and determined the 
kinetic parameters of ATP-dependent Ca 2 + uptake by mitochondrial and non-
mitochondrial Ca 2 + stores. In addition, effects of inositol 1,4,5-tris-
phosphate, IP·,/ were studied. 
METHODS 
Isolation and permeabilization of villus enterocytes 
Male Wistar rats (170-210 g) fed ad libitum were killed by cervical dis­
location. The small intestine was removed and rinsed with ice-cold 150 mM 
NaCl, pH 7.4, containing 1 mM dithiothreitol. Everted pieces were tied 
onto rods and vibrated with 2 mm amplitude and 60 Hz frequency at 4 С 
in 150 mM NaCl and 1 mM dithiothreitol. Shed debris after the first min­
ute of vibration was discarded. Villus cells were collected after 60 min 
vibration in saline containing 2.5 mM EDTA (5). Cell aggregates were 
pelleted at 200xgxl0 min and incubated for 30 min at 37 0C in a shaking 
waterbath in a medium containing (mM): 120 NaCl; 4.7 KCl; 1.2 KH2PO4; 
10 HEPES; 15 glucose; 10 EGTA; 1 dithiothreitol; 0.1% (w/w) Bpvine serum 
Albumine (BSA) and 1 mg/ml hyaluronidase. During incubation the cell sus­
pension was gassed with 100% C^· After incubation the suspension was fil­
tered (nylon mesh with 180 μ pore diameter). Isolated cells were pellet­
ed, washed twice and taken up in a medium containing (mM): 135 KCl; 1 
МдСІ2; 1.2 KH2P04 and 10 HEPES (pH 7.4). Saponin was used to permeabil-
ize enterocytes and a minimum concentration of 30 ug/ml wa-j needed to 
yield 80% leaky cells after 10 min of incubation at 25 0C. Cell protein 
concentration during saponin treatment was 1 mg/ml and the degree of 
leakiness was estimated by uptake of trypan blue (0.5%). After saponin 
treatment cells were pelleted, washed and suspended in a Ca¿+ uptake 
medium containing (mM): 120 KCl; 1 МдСІг; 1.2 KH2PO4; 5 pyruvate, 5 suc­
cinate, 0.5 EGTA; 0.5 NTA; 0.5 HEEDTA; pH 7.4 (adjusted with KOH). 
Ca-uptake experiments 
45Ca-uptake was studied at 25 0C in an uptake medium described above 
which contained in addition 10 mM creatine phosphate, 10 U/ral creatine 
kinase and 5 uCi/ml 45СаСІ2. The free Mg 2 + concentration was 1.45 mM and 
the free Ca 2 + concentration was varied between 0.05 and 5.0 yM, calcu­
lated according to Van Heeswijk et al. (16) . ATP-dependent Ca2+-uptake 
rates were defined as the differences in Ca2+-uptake rates in the pres­
ence and absence of 10 mM MgATP. The reaction was started by adding per­
meabilized cells to the uptake medium, which was prewarmed for 4 min­
utes. At certain time intervals 100 ul aliquots (25-75 yg protein) were 
quenched in 1 ml of ice-cold stop solution (mM) : 150 KCl; 1 МдС^; 20 
Tris-Hepes (pH=7.4); 1 EGTA and rapidly filtered (Schleicher and Schuil, 
ME25, 0.45 pm). The filters were washed thrice with 2 ml of ice-cold 
stop solution, dissolved in a scintillation cocktail (Beekman HP) and 
the radioactivity was counted. Cell protein was determined with a Coommasie 
blue kit (Biorad) after treatment of the cells with 0.1% triton X-100. 
Materials 
Mg-ATP, oligomycin, EGTA, HEEDTA, NTA, inositol 1,4,5-trisphosphate, and 
dithiothreitol were from Sigma (St.Louis). 
45саСІ2 (20 mCi/mg) was purchased from New England Nuclear (Dreieich,FRG). 
All other chemicals were at least analytical grade and obtained from com­
mercial suppliers. 
198 
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Abbreviations 
,2+ 
EGTA, ethylene glycol bis (ß-aminoethyl ether)-Ν,Ν'-tetra acetic acid. 
HEEDTA, N-(2-hydroxy ethyl) ethylene diamine-NjN'jN'-triacetic acid. 
HEPES, 4-(2-hydioxy ethyl)-1-piperazine ethane sulphonic acid. 
NTA, nitrilotriacetic acid. 
RESULTS 
2+ Ca uptake by permeabillzed enterocytes « 
The percentage leakiness is increased 3-fold in duodenal cells and 2.3-
fold in ileal cells after treatment with-saponin (table I). This in­
crease in leakiness is accompanied by an increase in ATP-dependent Caz 
uptake of similar magnitude, measured at two different Ca + concentra­
tions (table I). The correlation between leakiness and active Ca 2 + trans­
port rate points to a selective effect of saponin on plasma membranes, 
while intracellular membranes seem to be unaffected. 
2+ The time dependence of Ca uptake by permeabillzed enterocytes is shown 
in fig.l. Ca 2 + uptake is stimulated by ATP, reaching a steady state level 
between 10 and 15 min. More than 90% of accumulated Ca 2 + is released with­
in 1 min after addition of the Ca 2 + ionophore Α231Θ7 to the uptake medium, 
indicative of Ca 2 + uptake against a concentration gradient. To discrimi­
nate between mitochondrial and non-mitochondrial Ca z + stores, oxalate, 
vanadate and mitochondrial inhibitors are frequently used. Oxalate is of­
ten used to enhance Ca 2 + uptake in endo- and sarcoplasmic reticulum by 
precipitating accumulated Ca2'1' (17) . Addition of 20 mM oxalate to the 
2+ 
uptake medium resulted in a 4-fold stimulation of Ca uptake by permea­
billzed duodenal and ileal cells at 0.1 MM free Ca2* after 20 min (fig.l). 
No effect of oxalate was observed at 1.0 μΜ free Ca +, indicating that at 
1.0 μΜ Ca 2 + uptake .by endoplasmic reticulum is only a minor portion of 
the total ATP-dependent Ca 2 + uptake. 
Vanadate, an inhibitor of ATP-dependent pump systems, inhibited almost 
all ATP-dependent Ca 2 + uptake at 0.1 uM free Ca 2 + by duodenal and ileal 
Table I : Effect of saponin treatment on leakiness of and ATP-dependent 
Ca 2 + uptake in duodenal and ileal enterocytes. 
2+ 
ATP-dependent Ca uptake 
2+ 2+ 
% leaky cells 0.1 uM Ca 1.0 μΜ Ca 
S/C С S S/C С S S/C 
D 
I 
24+1 
29+3 
70+4 
69+3 
3.0 
2.3 
0.7+0.1 
Ο.Θ+0.2 
2.3+0.4 
2.1+0.6 
3.3 
2.6 
20+4 
33+5 
66+4 
76+20 
3.3 
2.3 
D, duodenum; I, ileum; С, control; S, after saponin treatment; S/C, ratio 
before and after saponin treatment. 
Ca uptake in nmol Ca2+/mg protein.20 min. 
Mean values are given + SEM of 4 to 6 experiments. 
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Ca2* (nmol/mg prot. ) 
20 25 
time (mm ) 
2+ Fig·! : Time-dependent Ca" uptake by permeabilized rat duodenal villus 
cells at free Ca 2 + concentrations of 0.1 and 1.0 wM. Open symbols re­
present uptake in the presence of ATP; solid symbols represent ATP-inde-
pendent binding. Ca 2 + uptake was determined in the presence (D·) or 
absence (o·) of 20 mM oxalate. 
Table II 
UM Ca + 
0.1 
0.4 
1.0 
: Effects of vanadate and mitochondr 
dependent Ca 2 + uptake by permfahil 
ATP-dependent 
Ca 2 + uptake 
Duod. Ileum 
2.3+0.4 2.1+0.6 
33+3 39+7 
66+4 76+20 
ial inhibitors on 
ized enterocytes. 
% inhibition 
Vanadate 
Duod. 
97+2 
21+7 
22+2 
Ileum 
93+3 
25+5 
24+11 
ATP-
Mitochon.inhib. 
Duod. 
8+3 
77+5 
92+2 
Ileum 
n.s. 
87+3 
92+1 
2+ 2+ 
ATP-dependent Ca uptake in nmol Ca /mg protein.20 min. 
Vanadate concentration was 0.5 mM. Mitochondrial inhibitors (IO mM №N3, 
5 pg/ml oligomycin and 10 μΜ antimycin) were preincubated wit permeabil­
ized cells for 1 h at 0 0C. Mean values are given +_ SEM for 4 to 6 exper­
iments. n.s., no statistically significant inhibition (Student's t-test) 
2+ 
cells (table II). Only a fraction of Ca uptake is inhibited at 0.4 and 
1.0 yM free Ca2"1", again indicating that the ER system has a high affinity 
for Ca 2 + but a relative low capacity for Са 2 + transport. A cocktail of 
mitochondrial inhibitors had little or no effect on Ca 2 + uptake at 0.1 yM 
free Ca 2 + (table II). At 0.4 and 1.0 yM ATP-dependent Ca 2 + uptake was al­
most completely inhibited in duodenal as well as ileal cells. The combi­
nation of vanadate and mitochondrial inhibitors completely suppressed all 
ATP-dependent Ca 2 + uptake by permeabilized enterocytes at the 3 concen­
trations tested. These results indicate that at 0.4 and 1.0 yM free Ca 
most Ca 2 + is taken up by mitochondria. 
,2+ 
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2+ 
Kinetics of ATP-dependent Ca uptake 
2+ 
Initial rates of ATP-dependent Ca uptake by permeabilized duodenal 
enterocytes were determined either in the presence of mitochondrial in­
hibitors (fig.2A) or in the presence of vanadate (fig.2B). The non-mito-
chondrial C a ^ + store accumulates Ca with a K^ value of 0.1 μΜ and a 
v
m a x
 v a l u e o f 0.4 ronol Ca^ +/mg prot.min (Eadie-Hofstee transformation of 
the data in fig.2A). The V
m a x
 value is certainly underestimated since 
oxalate stimulates the initial rate of C a 2 + uptake in ER by a factor of 
2.7 (fig.l). Therefore, the V , value of the non-mitochondrial C a 2 + 
store is at least 1.0 nraol C a ^ v m g protein.min. _ 
Mitochondrial C a 2 + uptake starts between 0.2 and 0.3 μΜ free Ca which 
is shown in fig.2B. The half maximal concentration is around 0.9 μΜ Ca¿+ 
and around 2.0 μΜ saturation is reached. The curve in fig.2B is sigmoidal 
which is also the case for mitochondrial Ca2"1" uptake in the presence of 
M g 2 + in other tissues (18) . 
2+ 
Inositol 1,4,5-trisphosphate induced Ca release 
Inositol 1,4,5-trisphosphate, IP3, is now widely recognized as second 
messenger, releasing C a 2 + from a non-mitochondrial Ca 2 +-pool (19,20). 
nmolCa2*/mg prot. min 
2 0 50 
Ca2* ( AIM ) 
2+ 
Fig.2 : Kinetics of ATP-dependent Ca uptake by permeabilized duodenal 
villus cells. C a 2 + uptake is measured either in the presence of mito­
chondrial inhibitors (A, see table II for concentrations) or 0.5 mM 
vanadate (B). 
2+ 
Also permeabilized enterocytes release Ca in response to IP3 (fig.3). 
IP3 released within 30 s betweer 30 and 40% of the accumulated C a 2 + at 
0.1 μΜ free C a 2 + in duodenal as well as ileal cells. Between 1.5 and 7 
min the released C a 2 + is again taken up, indicating degradation of IP3 
and refilling of the C a 2 + store (results not shown). A dose-response 
curve for IP3 is shown in fig.4. Half maximal release was obtained at 
0.5 μΜ IP3 in the duodenum and around 1.5 μΜ IP3 in the ileum. Maximal 
release was observed at 5 μΜ IP3 in both cases. 
2+ 
Table III summarizes the effects of inhibitors on ІРз-induced Ca re­
lease. At 0.1 μΜ free C a 2 + , 30-40% of the accumulated C a 2 + was released 
within 1 min. Mitochondrial inhibitors had no significant effect on this 
2+ 
release. However, in the presence of vanadate no ІРз-induced Ca re­
lease could be observed. These results indicate that a non-mitochondrial 
201 
- 62 -
Co2*- release 
С/.) 
4 0 -
3 0 -
2 0 -
1 0 -
ff 
I/ 
fr f 
1 
î 
Τ
 Ι 
II 
ο Ileum 
ο Duodenum 
15 30 45 60 75 90 
time (sec ) 
2+ 
Fig.3 : Time-dependence of inositol 1,4,5-trisphosphate-induced Ca 
release. Permeabilized enterocytes were incubated for 15 min at 25 0 C 
in 0.1 им free C a 2 + and ATP. At 15 min 5 UM IP3 was added and the re­
action was quenched at various time points. 
Fi-g.4 : Dose-response curves for inositol 1,4,5-trisphosphate-induced 
Caz+ release. Conditions are the same as in the legend of fig.3, but 
now varying amounts of IP3 are added and the reactions are quenched 
1 min after IP addition. 
Ca¿+ store is the target for IP3 in duodenum and in ileum. At 0.4 and 
1.0 μΜ free C a 2 + most of the Ca^ + is taken up by mitochondria. In the 
control situation no significant ІРз-effect is measurable at 0.4 and 1.0 
UM C a 2 + (table III). In the presence of mitochondrial inhibitors a sub­
stantial IP3 -induced C a 2 + release could be measured. In this situation, 
the percentage release is reduced but the absolute amount released is 
similar at all three C a 2 + concentrations. It seems that only a fraction 
of the total amount of C a 2 + present in the endoplasmic reticulum can be 
released by IP3· 
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Table III : Inositol 1,4,5-trisphosphate induced Ca 2 + release. Effects 
of vanadate and mitochondrial inhibitors. 
μΜ Ca 
0.1 D 
I 
0.4 D 
I 
1.0 D 
I 
Control 
nmol Ca /mg 
0.8+0.1 
0.8+0.3 
1.1+0.6 
η.s. 
П.Ξ. 
η.S. 
prot 
IP, induced Ca 
% 
35+5 
37+7 
4+3 
η.s. 
η.s. 
η.s. 
0.5 mM 
Vanadate 
% 
η.s. 
η.s. 
η.s. 
η.s. 
η.s. 
η.s. 
2 +
 , 
release 
Mitochondrial inhibitors 
nmol Ca /mg prot 
0.7+0.1 
1.1+0.3 
1.3+0.2 
1.2+0.1 
1.4+0.4 
1.3+0.6 
% 
34+5 
45+5 
18+3 
19+7 
12+2 
19+5 
Permeabilized enterocytes from duodenum (D) or ileum (I) are incubated 
for 15 min with ATP and 4^Ca in the presence or absence of vanadate or 
mitochondrial inhibitors. This ATP-dependent Ca 2 + uptake is set at 100%. 
After 15 min 5 μΜ IP3 is added and the reaction is quenched 1 min later. 
%, percentage Ca 2 + released by IP3; n.s., no statistically significant 
release. Mean values are given + SEM for 4 to 6 experiments. 
DISCUSSION 
2+ A variety of cells contain non-mitochondrial and mitochondrial Ca 
stores and this study indicates that enterocytes are more alike than 
unlike other cells. It was demonstrated that permeabilized enterocytes 
accumulated "Ca 2 4 - into two different pools when provided with ATP. 
The affinities for Ca and the Ca transport capacity of the under­
lying transport systems were shown to be different. In addition, IP3 
released Ca from a non-mitochondrial pool, which provides evidence 
that an inositol-lipid dependent signal transduction system is also 
present in intestinal epithelial cells. 
2+ 
ATP-dependent Ca accumulation into the non-mitochondrial pool could 
be stimulated by oxalate and inhibited by vanadate as in other cells 
(12,13). The amount of Ca accumulated in this DOOI is similar to 
values reported for permeabilized hepatocytes (21). We found an af­
finity of 0.1 μΜ Ca 2 + for the Ca 2 + pumping ATPase in the non-mito­
chondrial pool. At present there is no information on the intracellu­
lar Ca concentration in enterocytes, but assuming a resting value 
around 0.1 μΜ, it is clear that the non-mitochondrial pool is important 
in regulation of cytosolic free Ca in enterocytes. Previously, we 
demonstrated by means of subcellular fractionation studies that ATP-
dependent Ca 2 + transport activity has a complex subcellular distribution 
in enterocytes, being present in several subpopulations of endoplasmic 
reticulum membranes and in several subpopulations of Golgi membranes (9). 
2+ 2+ 
IP3-induced Ca release was observed at free Ca below the threshold 
for mitochondrial uptake (0.1 μΜ) and also in the presence of mitochon­
drial inhibitors at higher free Ca 2 +. Vanadate completely abolished the 
ІРз-induced release. At higher free Ca 2 + in the absence of inhibitors, 
no significant release was induced by IP3. Since at 1.0 μΜ free Ca 2 + 
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юп-mitochondrial Ca 2 + is less than 5% of the total, it is likely that 
:P3-induced Ca 2 + release is too small to be detected. A similar obser­
vation has been reported for hepatocytes (13). From these combined ob­
servations we conclude that a non-mitochondrial Ca 2 + store is the site 
if the ІРз-sensitive pool. It is certainly of interest to test IP3 ef­
fects on isolated Golgi or ER membranes to localize the ІРз-sensitive 
хзоі in enterocytes. We observed that maximal concentrations of IP3 evoke 
iet release of only part of the accumulated Ca2'*'. This is also reported 
for a number of other tissues (21,22,23}. The effect of IP3 was concen­
tration dependent with half maximal release being observed at 0.5 and 1.5 
μΜ in duodenum and ileum. These values are comparable to those reported 
in other tissues (24). The difference between the duodenal and ileal 
value may be due to an intrinsically higher affinity of the ІРз-sensitive 
pool in duodenum, since a 2-fold higher inositol phosphatase activity has 
been reported in duodenum in comparison to ileum (25). 
The second and major Ca store in rat enterocytes are the mitochondria. 
In general, mitochondria can store high amounts of Ca 2 + but the affinity 
of the uptake process is relatively low (17). In rat enterocytes, mito­
chondria started to accumulate Ca2"1" between 0.2 and 0,3 UM free Ca 2 +. 
Assuming a cytosolic rest value around O.lyM then our data are consis­
tent with the general notion that mitochondria have no role in buffering 
cellular Ca 2 + near resting values (18,26). However, it is clear that small 
increases in cytosolic free Ca , resulting from activation of the 
inositol-lipid dependent signal transduction system, also increase mito­
chondrial Ca 2 + uptake which results in increased activities of mitochon­
drial enzymes essential in the regulation of ATP production, as recently 
reviewed by Denton and McCormack (26). It has been shown that mitochon­
dria are able to buffer cytosolic Ca 2 + with a setpoint around 1.0 yM 
Ca (18). A study on permeabilized GH3 cells also reported that mito­
chondrial Ca2+-uptake started at 0.2 yM free Ca2"1" (27). It is clear that 
mitochondria can take up Ca 2 + at lower concentrations than the setpoint 
concentration (26,27). The setpoint results from the balance between Са 2 + 
influx and efflux, while we measured initial rate of uptake at a fixed 
free Ca 2 + concentration. In addition, experimental conditions like Mg 2 + 
and polyamines have marked effects on mitochondrial Ca recycling (18,26). 
2+ 
Very recently another study was published describing Ca uptake in per­
meabilized rat enterocytes (15) . A comparable amount of ІРз-induced Ca 2 + 
release from a non-mitochondrial Ca 2 + store was reported as we demonstrate 
in our study. These authors studied Ca 2 + uptake at low (0.9'yM) and at 
high (12 yM) free Ca 2 + and reached similar conclusions as we do. However, 
the affinities for Ca 2 + of the two Ca 2 + transporting pools were lower as 
we report in the present study. At 0.9 yM free Ca 2 + no mitochondrial Ca 2 + 
uptake could be demonstrated (15) , while in our study Ca 2 + accumulation 
in mitochondria started between 0.2 and 0.3 yM. The differences are 
likely to be introduced by the Ca 2 + buffers used to set the free Ca2+ 
concentration. Velasco et al. (15) used only 0.2 mM EGTA while we used 
0.5 mM EGTA, 0.5 mM HEEDTA and 0.5 mM NTA. EGTA does not buffer Ca2"1" 
above 1 yM and in addition 0.2 mM is too low to buffer free Ca very 
well in a permeabilized cell suspension (own unpublished observation). 
Therefore, it is possible that the actual free Ca 2 + in the study of 
Velasco et al. (15) is lower than the calculated or reported value. 
204 
- 65 -
ACKNOWLEDGEMENT 
This study was partly supported by the Netherlands Organization for basic 
research (ZWO) via MEDIGON (522-039). Mrs. S.E. Engels is gratefully ac-
knowledged for typing the final version of the manuscript. 
REFERENCES 
1. Fontaine, 0., Matsumoto, T., Goodman, D.B.P. and Rasmussen, H. (1981) 
Liponomic control of Ca2+-transport: Relationship to mechanism of 
action of 1,25-dihydroxyvitamin D3. Proceedings of the National Acad-
emy of Sciences USA 78, 1751-1754. 
2. Miller, A. Ill, Li, S. and Bronner, F. (1982) Characterization of 
calcium binding to brush-border membranes from rat duodenum. Bio-
chemical Journal 208, 773-781. 
3. Ghijsen, W.E.J.M., de Jong, M.D. and van Os, C.H. (1982) ATP-dependent 
calcium transport and its correlation with Ca2+-ATPase activity in 
basolateral membranes of rat duodenum. Biochimica Biophysica Acta 689, 
327-336. 
4. Ghijsen, W.E.J.M., de Jong, M.D. and van Os, C.H. (1983) Kinetic prop-
erties of Na+/Ca2+ exchange in basolateral plasma membranes of rat 
small intestine. Biochimica Biophysica Acta 730, 85-94. 
5. Van Corven, E.J.J.M., Roche, C. and van Os, C.H. (1985) Distribution 
of Ca2+-ATPase, ATP-dependent Ca2+-transport calmodulin and vitamin 
D-dependent Ca -binding protein along the villus-crypt axis in rat 
duodenum. Biochimica Biophysica Acta 820, 274-282. 
6. Wasserman, R.H. and Fullmer, C.S. (1982) Vitamin D-induced calcium 
binding protein. In: Calcium and cell function (W.Y. Cheung, ed) Acad-
emic Press, N.Y., volume II, pp 175-216. 
7. Walters, J.R.F. and Weiser, M.M. (1984) Characterization of the vita-
min D-dependent Ca2+-binding sites in rat intestinal Golgi-enriched 
membrane fractions. Biochemical Journal 218, 347-354. 
8. Rubinoff, M.J. and Nellans, H.N. (1985) Active calcium sequestration 
by intestinal microsomes. Journal of Biological Chemistry 260, 7824-
7828. 
9. Van Corven, E.J.J.M., van Os, C.H. and Mircheff, A.K. (1986) Sub-
cellular distribution of ATP-dependent Ca2+ transport in rat duodenal 
epithelium. Biochimica Biophysica Acta 861, 267-276. 
10. Donowitz, M. and Welsh, M.J. (1986) Ca2+ and cyclic AMP in regulation 
of intestinal Na,K and CI transport. Annual Review of Physiology 48, 
135-150. 
11. Fondocaro, J.D. (1986) Intestinal ion transport and diarrheal disease. 
American Journal of Physiology 250, G1-G8. 
12. Streb, H. and Schulz, I. (1983) Regulation of cytosolic free Ca con-
centration in acinar cells of rat pancreas. American Journal of Phys-
iology 245, G347-G357. 
13. Burgess, G.M., McKinney, J.S., Fabiato, A.A., Leslie, A. and Putney, 
J.W. (1983) Calcium pools in Saponin-permeabilized Guinea pig hepato-
cytes. Journal of Biological Chemistry 258, 15336-15345. 
14. Prentki, M., Wollheim, C.B. and Lew, D. (1984) Ca2+-homeostasis in 
permeabilized human neutrophils. Journal of Biological Chemistry 259, 
13777-13782. 
15. Velasco, G., Shears, S.B., Micheli, R.H. and Lazo, P.S. (1986) Cal-
cium uptake by intracellular compartments in permeabilized entero-
cytes. Effect of inositol 1,4,5-trisphosphate. Biochemical and Bio-
physical Research Communications 139, 612-618. 
205 
- 66 -
16. Van Heeswijk, M.P.E., Geertsen, J.A.M, and van Os, C.H. (1984) Kinetic 
properties of the ATP-dependent Ca^+ pump and the Na+/Ca2+ exchange 
system in basolateral membranes from rat kidney cortex. Journal of 
Membrane Biology 79, 19-31. 
17. Coica, J.R., Kotagal, N., Lacy, P.E. and McDaniel, M.L. (1983) Com-
parison of the properties of active Ca transport by the islet-cell 
endoplasmic reticulum and plasma membrane. Biochimica et Biophysica 
Acta 729, 176-184. 
18. Nicholls, D. and Akerman, K. (1982) Mitochondrial calcium transport. 
Biochimica et Biophysica Acta 683, 57-88. 
19. Berridge, M.J. and Irvine, R.F. (1984) Inositol trisphosphate, a novel 
second messenger in cellular signal transduction. Nature 312, 315-321. 
20. Rasmussen, H. and Barrett, P. (1984) Calcium messenger system: an 
integrated view. Physiological Reviews 64, 938-984. 
21. Taylor, C.W. and Putney, J.W. (1985) Size of the inositol 1,4,5-tris-
phosphate-sensitive calcium pool in guinea-pig hepatocytes. Biochem-
ical Journal 232, 435-438. 
22. Brass, L.F. and Joseph, S.K. (1985) A role for inositol triphosphate 
in intracellular Ca^ "1" mobilization and granule secretion in platelets. 
Journal of Biological Chemistry 260, 15172-15179. 
23. Berridge, M.J., Heslop, J.P., Irvine, R.F. and Brown, K.D. (1984) 
Inositol triphosphate formation and calcium mobilization in Swiss 3T3 
cells in response to platelet-derived growth factor. Biochemical Jour-
nal 222, 195-201. 
24. Sekar, M.C. and Hokin, L.E. (1986) The role of phosphoinositides in 
signal transduction. Journal of Membrane Biology 89, 193-210. 
25. Rao, R.R. and Ramakrishnan, C.V. (1985) Studies on inosltolphosphatase 
in rat small intestine. Enzyme 33, 205-215. 
26. Denton, R.M. and McCormack, J.G. (1985) Ca2+ transport by mammalian 
mitochondria and its role in hormone action. American Journal of Phys-
iology 249, E543-E554. 
27. Gershengorn, M.C, Geras, E., Purrello, V.S. and Rebecchi, M.J. (1984) 
Inositol triphosphate mediates thyrotropin-releasing hormone mobili-
zation of non-mitochondrial calcium in rat mammotropic pituitary 
cells. Journal of Biological Chemistry 259, 10675-10681. 
28. Nicchitta, C.V. and Williamson, J.R. (1984) Spermina regulator of 
mitochondrial calcium cycling. Journal of Biological Chemistry 259, 
12978-12983. 
received 17.12.86 
revised version received and accepted 17·3·87 
206 
- 67 -

Chapter 7 
EFFECT OF 1,25-DIHYDROXY VITAMIN D3 ON ACTIVE CALCIUH 
SEQUESTRATION IN PERHEABILIZED RAT ENTEROCYTES 
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7.1 Abstract 
Isolated rat enterocytes of normal, vitamin D-deficient and 1,25-dihydroxy 
vitamin D3 repleted rats were permeabilized by saponin treatment. "Ca was 
accumulated by these cells when provided with ATP in a medium containing cal­
cium ligands. Calcium ionophore released more than 90% of the accumulated cal­
cium within 1 min. Mitochondrial and non-mitochondrial calcium pools could be 
distinguished by using the inhibitors vanadate and ruthenium red. Kinetic 
analysis of non-mitochondrial calcium uptake revealed a Km of 0.2 yM for nor­
mal, vitamin D-deficient and 1,25(0Н)20з repleted rats. The Vmax of this store 
was 4.5 and 4.2 nmol/mg protein.min in normal and vitamin D-repleted rats 
respectively. In vitamin D-deficiency the Vmax was reduced to 2.7 nmol/mg pro­
tein.min. 
Mitochondria started to take up calcium at a free medium calcium concentration 
of 0.3 μΜ. At 1.0 yM free calcium mitochondria accumulated 30 times more cal­
cium than the non-mitochondrial pool. Vitamin D-deficiency resulted in a 
25-35% lower calcium accumulation compared with normal and 1,25(0Н)20з replet­
ed rats. This result was confirmed with isolated mitochondria. The results 
suggests that rat intestinal cells contain high affinity low capacity non-
mitochondrial calcium stores of which the capacity is reduced in vitamin 
D-deficiency. In addition, mitochondrial Ca 2 + uptake capacity reduced in vit­
amin D-deficiency without a change in the affinity for Ca 2 +. 
7.2 Introduction 
Small intestinal cells have to absorb large amounts of calcium in order to 
meet the demands for body calcium homeostasis. Calcium absorption is primari­
ly transcellular and active, and involves brush border membrane influx, trans­
port through the cell, and active extrusion across the basolateral membrane to 
the serosal side (1). 
Active calcium transport is regulated by the vitamin D-metabolite 
1,25-dihydroxy vitamin D3 (1,25(0Н)2Оз)(1). This hormone stimulates the 
influx of calcium across the brush border membrane by changes in lipid fluidi­
ty and/or composition (2,3), or by enhancing the synthesis of specific brush 
border membrane proteins (4,5). The best defined molecular expression of 
1,25(0Н)20з in the cell is vitamin D-dependent calcium-binding protein, cal-
bindin (6). This cytosolic protein is postulated to be involved in cytosolic 
transport of calcium from the brush border to the basolateral membrane (1). It 
was reported that 1,25(0Н)20з also regulates the basolateral membrane calcium 
pump (7,8,9), but this effect turned out to be a cell isolation artefact (10). 
Besides the necessity to absorp large amounts of calcium, intestinal cells 
have to maintain low cytosolic calcium concentrations. In addition calcium is 
considered to be a second messenger (11). Therefore, the cytosolic calcium 
concentration has to be precisely regulated since fluctuations result in a 
cellular response. Several mechanisms are present in cells to control the 
cytosolic calcium concentration within narrow limits, like calcium binding 
proteins, plasma membrane calcium pumps and storage of calcium in intracellu­
lar membrane systems (11). Using the permeabilized cell technique, it has 
been shown that enterocytes accumulate calcium in intracellular stores 
(12,13,14). 
At this moment it is unknown whether 1,25(0Н)20з stimulates intracellular cal­
cium transport in enterocytes. So far there is no quantitative information 
whether vitamin D-deficiency affects the transport capacity in duodenal 
epithelium. We investigated the effect of 1,25(ОН)20з on intracellular calci­
um stores of duodenal enterocytes. 
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7.3 Methods and Materials 
Vitamin D-Deficient Rats 
Vitamin D-deficient male Wistar rats were raised as described before (15). 
Eight to 9 week old animals, weighing 150-200 g, had total plasma calcium lev­
els of 1.61±0.04 mM. Repleting vitamin D-deficient rats by injection of 160 ng 
1,25(0Н)20з intraperitoneally 48 and 24 h before sacrifice raised total plasma 
calcium levels to 2.46І0.05 mM. Control rats were raised on the same diet, 
however with a normal vitamin D3 supply (2.2 iu/g). 
Enterocyte Isolation, Permeabilization and *5Са2+-uptake Experiments 
Rats were killed by a blow on the head and blood samples were taken for plasma 
calcium determination. The first 15 cm of small intestine distal to the pylo­
rus (duodenum) was removed and rinsed with ice-cold 150 mM NaCl (pH 7.4) con­
taining 1 mM dithiothreitol. Villus cells were isolated with a vibration meth­
od as described before (14), except the time of vibration was reduced to 30 
min. Cell aggregates were treated with hyaluronidase as described before (14), 
only the incubation temperature was decreased to 250C. After incubation the 
cell suspension was filtered (nylon mesh with 125 yM pore size). Isolated 
cells were pelleted (200xgx5 min), washed twice and permeabilized with saponin 
as described before (14). The degree of cell leakiness was determined with 
trypan blue exclusion (0.5%), which varied between 75% and 80% for normal and 
vitamin D rats. After saponin treatment cells were pelleted, washed and sus­
pended in a calcium uptake medium containing (mM) : 120 KCl, 1 MgC^, 1.2 
KH2PO*, 5 pyruvate, 5 succinate, 0.5 EGTA, 0.5 NTA, 0.5 HEEDTA, 20 Hepes. The 
pH was varied between 7.0 and 7.4 (adjusted with KOH). *sCaa+-uptake experi­
ments were done as described before (14). Cell protein was determined with a 
Coomassie Blue kit (Biorad), using y-globulin as standard, after treatment of 
the cells with 0.1% triton X-100. 
Isolation of Mitochondria 
Mitochondria were essentially isolated as described for cardiac mitocondria by 
Vercesi et al (16). In short: enterocytes obtained with the vibration method 
(14) were suspended in 10 ml isolation buffer, containing (in mM): 250 suc­
rose, 0.5 EGTA, 3 Hepes-Tris, pH 7.4. Dithiothreitol (1 mM) and phenylmethyl 
sulphonyl fluoride (PMSF, 0.4 mM) were added fresh. The suspension was gently 
homogenized by douncing (4-6 strokes with a loose fitting pestle and 10-15 
strokes with a tight fitting pestle). After centrifugation (600xgx5 min) the 
pellet was homogenized again. The combined supernatants (SQ) were centrifuged 
at 10,000xgxl0 min. The pellets were resuspended in isolation buffer and cen­
trifuged at 12,000xgxl0 min. After resuspending the pellets again in isolation 
buffer and centrifugation at 12,000xgxl0 min, a pellet was obtained with a 
dark brown pit and lighter membranes around the pit which could be removed by 
gentle shaking. The pit, containing purified mitochondria, was resuspended in 
calcium uptake medium (see previous paragraph). (Na+-K+)-ATPase, succinic 
acid dehydrogenase (SDH), NADPH cytochrome C-reductase, alkaline phosphatase 
and thiamine pyrophosphatase (TPPase) activity were determined as described 
before (17). Mitochondrial protein was determined as described for permeabi­
lized cells in the previous paragraph. 
Materials 
Ruthenium red was from Merck (Darmstadt, F.R.G.). Na+-orthovanadate was from 
ICN (Plainview, N.Y.). EGTA, NTA and HEEDTA were from Sigma (St. Louis). 
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Table 7.1: Intracellular calcium stores in vitamin D rats. 
ATP-dependent "Ca^-uptake was determined in permeabilized enterocytes 
of vitamir D-deficient (-D) and 1)25(0Н)20з repleted (+D) rats. Control 
represents calcium uptake (nmol/mg protein.10 min) at 1.0 μΜ medium cal­
cium (nmol/mg protein.10 min) in the presence of 0.05% BSA without 
inhibitors (pH 7.15). Mitochondrial calcium stores were determined by 
sensitivity to 10 μΜ ruthenium red. 
control mitochondria non-mitochondrial 
calcium store 
-D 273±37 264±27 9.3±1.2 
+D 365±57 353±43 12.4±2.2 
Mean ± SEM is given of 3 experiments done in duplicate. 
% uptake 
200-, 
100-
0-
/4 
-z
4 
/ 
70 • 72 ' 74 
PH 
F i g u r e 7 . 1 : Effect of pH on ATP-dependent Ca2 + -uptake in permeabi­
l ized e n t e r o c y t e s . One min calcium uptakes were done a t 
low (0.1 μΜ: *) and high (1.0 μΜ: · ) f ree medium calcium 
c o n c e n t r a t i o n s , in t h e presence of 0.05% BSA. 
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Dithiothreitol was from Boehringer (Mannheim, F.R.G.). *5СаСІ2 (20 mCi/mg) was 
purchased from New England Nuclear (Dreieich, F.R.G.). All other chemicals 
were at least analytical grade and obtained from commercial suppliers. 
Abbreviations 
BSA: Bovine Serum Albumine; EGTA: ethylene glycol bis (ß-amino ethyl eth-
er) -N.N'-tetra acetic acid; HEEDTA: N-(hydroxy ethyl) ethylene diamine-
N,N',N'-triacetic acid; Hepes: 4-(2-hydroxy ethyl)-l-piperazine ethane sul-
phonic acid; NTA: nitrilo triacetic acid; Tris: tris hydroxy ethyl amino 
methane. 
7.4 Results 
Table 7.2: Kinetic parameters of the non-mitochondrial calcium store. 
Kinetic parameters were determined by Eady-Hofstee transformation of the 
calcium transport data. Permeabilized enterocytes were obtained from 
normal (nor), vitamin D-deficient (-D) and 1,25(0Н)20з repleted (+D) 
rats. Ca2+-uptake was done in the presence of 0.05% BSA and 10 μΜ ruthe­
nium red (pH 7.15). 
Km Vmax cc 
(μΜ) (nmol/mg prot.rain) 
nor 0.19±0.07 4.5±0.5 0.87+0.05 
-D 0.19+0.06 2.7±0.3 * 0.90±0.01 
+D 0.23±0.05 4.2±0.4 0.92+0.06 
Mean ± SEM is given of 3 experiments done in duplicate. 
cc: correlation coefficient of Eady-Hofstee analyzed data. 
* 0.01 < p S 0.05 compared with nor and +D. 
As shown before (14), permeabilized enterocytes take up calcium in the pres­
ence of ATP. Calcium ionophore A23187 (10 vg/ml) released within 1 min more 
than 90% of in 10 min accumulated calcium, suggesting calcium accumulation in 
a membrane compartment. The amount of calcium accumulated is dependent upon 
the pH of the uptake medium: at low (0.1 μΜ) and high (1.0 μΜ) free medium 
Ca 2 + concentrations an optimum is observed at pH 7.15 (figure 7.1). Table 7.1 
summarizes the effects of calcium uptake inhibitors on calcium accumulation in 
permeabilized enterocytes of vitamin D-deficient and 1,25(0Н)2Вз repleted rats 
at 1.0 μΜ free medium calcium. Almost all uptake could be inhibited in the 
presence of the mitochondrial calcium uniporter inhibitor ruthenium red, indi­
cating that most calcium uptake is into a mitochondrial compartment at 1.0 μΜ 
free medium calcium (table 7.1). This result is also found for enterocytes of 
normal diet rats (14). The ATPase-inhibitor vanadate in combination with 
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Figure 7.2: Kinetics of non-mitochondrial Ca 2 + -uptake in permeabi-
lized enterocytes of vitamin D-deficient (·) and 
1,25(0Н)20з repleted (*) rats. One min calcium uptakes 
were done in the presence of 10 jlM ruthenium red. 
ruthenium red eliminated active calcium uptake. The vanadate sensitive calcium 
store was of minor importance at 1.0 μΜ free medium calcium (table 7.1). At 
0.1 yM free calcium, hence around resting Ca 2 + concentrations in cells (11), 
most calcium accumulation is into a non-mitochondrial calcium store since 
vanadate alone inhibited calcium uptake for more than 95% in normal, vitamin 
D-deficient and 1,25(0Н)2Вз repleted rat enterocytes. At this low free calcium 
concentration no effect of ruthenium red was observed. 
The kinetic parameters of the mitochondrial and non-mitochondrial calcium 
stores were determined. Figures 7.2 and 7.3 show initial calcium uptake rates 
in permeabilized cells of vitamin D-deficient and 1,25(0Н)20з repleted rats. 
In the presence of mitochondrial inhibitors a high affinity calcium pump is 
found with a Km around 0.2 μΜ (figure 7.2). The vitamin D status has no effect 
on the Km (table 7.2). However the Vmax of the non-mitochondrial calcium store 
in vitamin D-deficient rats is significantly reduced compared with normal diet 
and 1,25(0Н)20з repleted rats (table 7.2). The lower Vmax can not be explained 
by a lower degree of leakiness of the cells (±75-80% for each group of rats), 
but rather seems to be due to a decreaesed number or turnover rate of the pump 
molecules. 
Mitochondria start to take up calcium when the free medium calcium concentra­
tion is 0.3 μΜ or higher (figure 7.3). This result is comparable with normal 
diet rats (14). Mitochondria have a low affinity high capacity calcium uptake 
system. The calcium storage capacity is reduced in vitamin D-deficient rats 
(figure 7.3 and table 7.1). 
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7.3: Kinetics of mitochondrial Ca2+-uptake in permeabilized 
enterocytes of vitamin D rats. One min calcium uptakes 
were done in the presence of 0.5 mM vanadate. Symbols as in 
legend figure 7.2. 
To avoid possible artefacts due to saponin treatment of cells, we also 
isolated mitochondria of non-treated cells. Purified mitochondria are enriched 
4.5-fold, as measured with the enzymatic marker succinic acid dehydrogenase, 
and the recovery was 24% (table 7.3). Thiamine pyrophosphatase (a Golgi mem­
brane marker), (Na+-K+)-ATPase (a basolateral membrane marker), NADPH cyto­
chrome C-reductase (an endoplasmic reticulum marker) and alkaline phosphatase 
(predominantly confined to brush border and basolateral membranes) are only 
present in minor amounts (table 7.3). The purification of mitochondria of vit­
amin D-deficient and 1,25(0Н)20з repleted rats is comparable with normal diet 
rats. 
ATP-dependent calcium uptake in isolated mitochondria of normal, vitamin 
D-deficient and 1,25(0Н)20з repleted rats is given in table 7.4. All active 
calcium uptake could be inhibited by ruthenium red or calcium ionophore A23187 
(table 7.4). Multiplying calcium transport in permeabilized cells (table 7.1) 
with the mitochondrial purification factor (table 7.3), yields an estimated 
calcium transport activity comparable with the observed transport rates in 
isolated mitochondria (table 7.4). Hence, the isolation procedure does not 
seem to affect the stability of the mitochondrial calcium transport systems, 
nor does saponin treatment affect mitochondrial Ca 2 + uptake in permeabilized 
cells. These results are indicating a decreased mitochondrial calcium storage 
capacity in vitamin D-deficient rats. Repletion with 1,25(011)203 restores the 
calcium storage capacity. 
- 75 -
Table 7.3: Purity of isolated mitochondria. 
Purification factors and recoveries of several 
lated mitochondria of normal diet rats is giver 
Protein 
Succinate dehydrogenase 
Alkaline phosphatase 
(Na+-K+)-ATPase 
Thiamine pyrophosphatase 
NADPH cyt. C-reductase 
Mean + SEM is given of 3 
Thiamine pyrophosphatase 
purification 
factor 
4.510.6 
0.210.1 
1.1+0.2 
«1 
0.810.2 
to 4 experiments done 
was below the level of 
enzymatic markers in iso-
% recovery 
3 
24 
0 
2 
0 
8±1 
1±5 
3+0 
010 
«1 
710 
in duplicate 
detection. 
2 
3 
1 
7 
1 
Table 7.4: Active calcium transport in isolated mitochondria. 
ATP-dependent calcium transport rates were determined in purified mito­
chondria of enterocytes of normal (nor), vitamin D-deficient (-D) and 
1,25(0Н)20з repleted (+D) rats. Control uptakes (nmol/mg protein.10 min) 
were done at 1.0 μΜ free medium calcium concentration in the presence of 
0.05% BSA (pH 7.15), with and without 10 μΜ ruthenium red or 10 pg/ml 
A23187. 
nor 
-D 
+D 
Mean 1 SEM 
* 0.01 < 
control 
1116+106 
7441111 * 
11911104 
% 
inhibition 
ruthenium red 
99.910.03 
99.7+0.2 
99.810.1 
is given of 3 experiments done 
ρ < 0.05 compared with +D. 
% 
release 
A23187 
99.4+0.5 
96.6+2.8 
98.3+1.6 
in duplicate. 
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7.5 Discussion 
The obtained results clearly demonstrate the presence of mitochondrial as well 
as non-mitochondrial calcium stores in enterocytes, in agreement with previous 
studies (12,13,14). Vitamin D-deficiency results in a lower Vmax of the non-
mitochondrial calcium store and lower calcium uptake rates in mitochondria. 
For mitochondria at least the lower calcium uptake rates are not isolation 
artefacts since permeabilized cells (table 7.1) and isolated mitochondria 
(table 7.A) have comparable calcium transport rates after correction for the 
mitochondrial purification factor (table 7.3). Moreover, the degree of leaki-
ness of saponin treated cells is comparable in normal diet, vitamin 
D-deficient and repleted rats. Thus the calcium transport systems does seem to 
be regulated by 1,25(011)203. 
The non-mitochondrial calcium pool is sensitive to vanadate, as previously 
reported for enterocytes (12,13,14), pancreas acinar cells (18) and hepato-
cytes (19). This pool can be stimulated by oxalate (14,17,18) indicating that 
at least part of the calcium accumulation is in the endoplasmic reticulum. 
Previously we demonstrated by using a comprehensive subcellular fractionation 
procedure that several populations of endoplasmic reticulum and Golgi mem­
branes are present in enterocytes which display ATP-dependent calcium trans­
port activity (20). At the moment we can not conclude which membrane popula­
tion is vitamin D sensitive. For normal diet, vitamin D-deficient and 
1,25(011)203 repleted rats the Km of the Ca2 + -pumping ATPase is 0.2 yM (table 
7.2). At pH 7.4 the Km of the non-mitochondrial calcium pool was 0.1 μΜ (14). 
However the Vmax was 10-fold lower (ref 14) as we observed now (table 7.2). 
The higher Vmax reported here can partly be explained by differences in the 
cell isolation method: we decreased the time of vibration in EDTA-saline from 
1 h to 30 min and the temperature of incubation with hyaluronidase from 370C 
to 250C., and added 0.05% BSA to the calcium uptake media. These changes 
resulted in improved Ca 2 + uptake rates: the Vmax was increased from 0.4 (14) 
to 1.7 nmol Ca /mg protein.min. Thus the cell isolation procedure is critical 
for the endoplasmic reticulum Ca 2 + pump activity. The increase in Vmax from 
1.7 to 4.5 nmol Ca2+/mg protein.rain (table 7.2) is a result of lowering the pH 
from 7.4 to 7.15. This maybe due to protonation removing calcium from the 
inwardly oriented calcium pump and allowing protons to complete the cycle. The 
increase in Km when lowering the pH may be explained by competition between 
protons and calcium for the outwardly oriented calcium pump (21). The result­
ing pH optimum is comparable with reported optima for endoplasmic reticulum 
(22-27) and plasma membrane (22,25) calcium pumps in other tissues. The small 
variations in pH optima are probably due differences experimental conditions 
(27). 
The low Km values found in normal diet, vitamin D-deficient and 1,25(0Н)20з 
repleted rats suggest that the non-mitochondrial calcium store is capable of 
regulating the free cytosolic calcium concentration, presumed to be 0.1 μΜ in 
the unstimulated state (11). 
Mitochondrial calcium uptake also displays a pH optimum (figure 7.1): initial 
uptake rates increase 50% upon a decrease in pH from 7.4 to 7.15. A further 
drop in pH to 7.0 reduces calcium uptake again. Mitochondrial calcium influx 
is via the calcium uniporter located in the inner mitochondrial membrane. The 
driving force for Ca 2 + accumulation is the membrane potential (28). Since in 
a normal situation a potential gradient exist over the mitochondrial membrane 
(inside negative) due to respiratory chain activity, it can be speculated that 
a decrease in pH increases the membrane potential resulting in a increased 
Ca2*-influx. However, a decrease in pH also results in an increase in the 
mitochondrial proton-phosphate cotransporter or hydroxy-phosphate antiporter 
activity (29). This leads to a decrease in membrane potential, thus decreased 
Ca2+-influx. The participation of a Ca2+/H+-antiporter is rather unlikely 
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under initial rate conditions, since this transport system is important for 
calcium extrusion. 
Comparing initial rate calcium uptake rates of mitochondria with our earlier 
published results (14) we observe a 3.5-fold increase in uptake at 1.0 yM free 
medium calcium. The pH partly explains the increase. However, as for the non­
mitochondrial calcium store, a major factor is the improvement in the cell 
isolation procedure probably stabilizing the mitochondria. 
Vitamin D repletion stimulates initial (figure 7.3) and steady state (tables 
7.1 and 7.4) mitochondrial calcium accumulation to values comparable with con­
trol rats. This is in agreement with early results of Sampson et al (30), who 
reported a higher accumulation of calcium in intestinal mitochondria of 
1,25(0Н)20з repleted compared with deficient rats. Bikle et al (31) could not 
find an effect of in vivo administration of 1,25(0Н)20з on chick intestinal 
mitochondrial calcium accumulation. However, these mitochondria started to 
take up calcium at a medium free calcium concentration of 3 ]M (31), which is 
at least 10-fold higher than in our experiments (figure 7.3). The experiments 
of Bikle et al (31) were performed at pH 6.8 which is below the optimum pH. In 
addition, mitochondrial Ca 2 + accumulation is easily damaged. Both factors may 
explain the absence of а 1,25(0Н)2Вз effect on mitochondria. 
Hobden et al (32) reported de novo synthesis of a mitochondrial outer membrane 
protein by 1,25(0Н)20з in chick intestine. This protein could be involved in 
regulating mitochondrial calcium uptake. Vitamin D-dependent calcium binding 
protein, calbindin, has been reported to influence release of calcium from 
intestinal mitochondria (33). This observation combined with our results indi­
cate increased mitochondrial Ca2+-cycling induced by 1,25(0Н)2Сз. This could 
stimulate specific mitochondrial enzymes involved in ATP-production (34). 
Thus, the energy needed for transcellular calcium transport and Ca 2 + transport 
into intracellular membranes is provided by the mitochondria and may in this 
way be linked by 1,25(0Н)2Вз. 
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Subcellular fractionation studies were performed to delineate plasma membrane and intracellular membrane 
populations which might be involved in intracellular Ca2'''-homeostasis of rat small intestinal epithelial cells. 
After a low-speed supernatant fraction had been suspended in 5% sorbitol and subjected to equilibrium 
centrifugation in a zonal rotor, the Golgi and endoplasmic reticulum markers, galactosyltransferase and 
NADPH-cytochrome -c reductase, were concentrated in a density region designated Window II. The 
basal-lateral membrane marker (Na+-K+)-ATPase was concentrated in a higher-density region designated 
Window III. ATP-dependent Ca2 + transport was equally distributed between the two windows. Several 
membrane populations could be resolved from each window with good recovery of Ca2'''-transport activity by 
a second density gradient centrifugation step. Second density gradient fractions were subjected to counter-
current partitioning in an aqueous polymer two-phase system. Basal-lateral membranes, characterized by an 
11-fold enrichment of (Na+-K + )-ATPase, contained ATP-dependent Ca2+-transport activity with V^,, = 3.7 
nmol/mg per min and K
n
 в 0.5 μ M. A major Golgi-derived population exhibited Ca2+-transport activity 
with ^ 1 Χ and Km values similar to those of the basal-lateral membranes. One membrane population, 
presumed to have been derived from the endoplasmic reticulum, contained Ca2+-transport activity with 
( ^ , = 4 nmol/mg per min and ДГ
т
в0.5 μΜ. In addition to demonstrating that ATP-dependent Ca2+-
transport activity has a complex distribution within enterocytes, this study raises the possibility that the 
basolateral plasma membranes might account for a relatively minor portion of the cell's Ca2+-pumping 
ability. 
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Introduction 
The ability of the small intestinal epithelium to 
actively absorb calcium tons has been appreciated 
for many years Several laboratories [1-3] have 
demonstrated Ca2+-ATPase and ATP-dependent 
Ca2 +-transport activities in isolated basolateral 
membrane samples These results have been incor­
porated into a model for active absorption of 
Ca 2 + involving passive, facilitated entry across the 
apical plasma membranes, diffusion through the 
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268 
cytoplasm, and ATP-dnven efflux across the 
basolateral plasma membranes 
More recently, it has become clear that intesti­
nal epithelial cells, like the cells of other tissues, 
employ Ca 2 * as an intracellular messenger 
Donowitz et al [4] have shown that dantrolene, 
which blocks the release of Ca 2 + from intracellular 
pools, increases N a + and CI" absorption by rabbit 
ileum. This result indicates that in intestinal epi­
thelial cells, as in exocrine acinar cells, uptake and 
release of Ca 2 + by one or more intracellular pools 
play key roles in cellular Ca 2 * metabolism How­
ever, very little is known about the enterocyte's 
intracellular calcium storage sites 
We have employed techniques of analytical 
fractionation to survey the subcellular distribution 
of ATP-dependent Ca2+-transport activity in 
duodenal villus cells. We find that this activity is 
present in a wide variety of membrane popu­
lations. In addition to the basolateral membranes, 
it can be detected in populations which can be 
identified as having been derived from the endo­
plasmic reticulum and from the Golgi complex. 
Materials and Methods 
- Isolation and homogemzation of enterocytes 
Four ovemight-fasted male Sprague-Dawley 
rats (180-200 g) were killed by cervical disloca­
tion The duodena (15-cm pieces) were removed 
and nnsed with ice-cold 150 mM NaCl, pH 7.4, 
with 1 mM dithiothreitol Everted pieces were tied 
onto rods and vibrated at 4° С in 150 mM NaCl, 1 
mM dithiothreitol with low amplitude (2 mm) and 
high frequency (60 Hz) After the first minute, 
shed debns was discarded The villus cells were 
collected after an additional hour of vibration in 
150 mM NaCl, 2 5 mM EDTA, pH 7 4, with 1 
mM dithiothreitol Cells were pelleted at 200 X g 
for 10 mm, resuspended in 5% sorbitol, 0.5 mM 
Na2-EDTA, 5 mM histidine/imidazole, pH 7 5 
(plus 1 mM dithiothreitol, 0 2 mM PMSF and 8 6 
/ig/ml aprotinin) The cells were homogenized for 
10 mm at a low speed setting of a Tissumiser 
(Tekmar Instruments) as described previously [5] 
After centnfugation (1000 X g for 10 nun) the 
pellet was homogenized and centnfuged again. 
The final low-speed pellet was designated P0, and 
the pooled supernatant SQ SQ was immediately 
subjected to equilibrium density centnfugation in 
a zonal rotor 
Equilibrium density centnfugation 
The zonal rotor (Beekman Z-60) was loaded in 
the following sequence an overlay of 10 ml 5% 
sorbitol buffer, 50 ml of SQ in 5% sorbitol, a 
hyperbolic gradient formed by delivenng 250 ml 
65% sorbitol through a constant-volume mixing 
chamber initially loaded with 180 ml of 30% 
sorbitol and a cushion of 25 ml 80% sorbitol. 
After centnfugation at 240000 X g for 70 nun, the 
rotor contents were displaced with 80% sucrose 
and collected in 24 fractions The density gradient 
fractions were diluted to 26 ml with 5% sorbitol 
and centnfuged at 250000 X g for 60 mm. The 
resulting pellets collectively designated (ΣΡ,) were 
resuspended in 3 ml of 5% sorbitol buffer. All 
sorbitol buffers contained 0.5 mM Na2-EDTA, 5 
mM histidine/imidazole, pH 7.5, except the resus-
pension buffer Added fresh were 0.2 mM PMSF 
and 8.6 /ig/ml aprotinin. 
Second density gradient centnfugation 
Pooled fractions from the first density gradient 
centnfugation step were brought to 55% sorbitol 
with an 87 4% sorbitol solution. A 40 ml centnfu­
gation tube was loaded in the following sequence: 
a hyperbolic gradient formed by delivenng 23 ml 
of 55% sorbitol through a constant-volume mixing 
chamber initially loaded with 16 ml of 30% sorbi­
tol, 9 42 g of sample (in 55% sorbitol); 3 ml of 
55% sorbitol and a cushion of 3 ml 65% sorbitol. 
For equilibrating the tubes, 5% sorbitol was added 
on top of the gradient. After centnfugation 
(55 000 X g for 240 mm) in a Beekman SW28 
rotor, six fractions were collected, diluted with 5% 
sorbitol without EDTA, pelleted (250000 X g for 
60 mm) and resuspended in 3 ml of 5% sorbitol 
without EDTA. 
Counter-current distribution 
Counter-current distribution was performed at 
Л" С in a thin-layer apparatus as desenbed previ­
ously [5-8]. The phase system contained 5% De-
xtran T-500, 3.6% poly(ethylene glycol)6000, 10 
/iM EDTA and 8.33 mM imidazole, pH 6 5 ad­
justed with HCl The systems were allowed to 
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equilibrale overnight al 4 0 C before separation of 
upper and lower phases 
Analytical methods 
Marker enzyme and protein determinations 
were performed with the same methods used in 
previous studies [9] Ouabain-sensitive K+-stimu-
lated p-mtrophenylphosphatase is measured in­
stead of (Na+-K + )-ATPase Marker incremental 
enrichment factors resulting from individual sep­
aration procedures were calculated as the ratios of 
percentage of recovered marker to percentage of 
recovered protein Marker cumulative enrichments 
were calculated as the products of the incremental 
ennchment factors obtained in each of the se­
quence of separation steps [9] 
Ca2 +-uptake was measured at 37 0 C with a 
rapid filtration technique as described before [10]. 
The mitochondrial inhibitors oligomycin (5 /ig/ml) 
and NaN, (1 mM) were routinely added to the 
Ca2 +-uptake media which contained 1 μΜ Ca 
(free), 5 mM MgCl2, 150 mM KCl, the C a 2 + 
buffers EGTA (0 5 mM) and HEEDTA (0 5 mM) 
The pH was maintained at 7 4 with 20 mM 
Hepes/Tns 
Materials 
Tns-ATP, oligomycin, EGTA, HEEDTA, 
PMSF, aprotinin and dithiothreitol were from 
Sigma (St Louis) Dextran T500 was from Phar­
macia (Uppsala, Sweden) and poly(ethylene gly-
col)6000 was from Union Carbide (New York) 
4 5 CaCl 2 (10 mCi/mg) was from New England 
Nuclear All other chemicals were at least analyti­
cal grade and were obtained from standard sup­
pliers 
Results 
The distributions of enzymatic markers among 
the differential sedimentation fractions are given 
in Table I Apart from maltase, the relevant en­
zymatic markers are present in the highest amounts 
in ΣΡ, The relatively larger amounts of maltase in 
the low-speed pellet, P0, probably represent intact 
brush border fragments [5] 
Fig 1 summanzed the four marker enzymes of 
interest and ATP-dependent Ca2 +-uptake distribu­
tions observed after S0 was subjected to equi-
T A B L E I 
DISTRIBUTION OF ENZYMATIC MARKERS A M O N G 
T H E DIFFERENTIAL SEDIMENTATION FRACTIONS 
Mean v a I u e s ± S D are given of percentage yields of rotai 
activities recovered among the differential sedimentation frac­
tions Yield in P0 was calculated from (P 0 x l 0 0 ) / ( P o + 80) 
Values of S S , and Σ Ρ are expressed in terms of 100% 
recovery from SQ Yield in ΣΡ, was calculated from (ΣΡ, X 
percentage in S ^ / f S P ^ S , ) Actual recovenes of Sg after 
zonal centnfuganon are also given (last row) Protein and 
( N a ^ K ^ J - A T P a s e values are the means of six expenments, 
galactosyltransferase of three expenments and the rest of four 
expenments 
P0 Σ5, ΣΡ, Recovery 
Protein 2 8 5 ± 6 9 464±144 263±121 g i l 
(Na* K+)-
ATPase 304± 69 6 4 ± 50 632±150 615 
Maltase 538±136 342± 99 120± 78 1617 
NADPH 
cytc-red 303±130 204±273 493±100 406 
Galactosyl-
transf 290±190 384±295 440±169 76 1 
libnum centnfugation in the Z-60 zonal rotor. As 
found in analytical fractionation of jejunal epi­
thelial cells, all of the markers but succinate dehy­
drogenase, a mitochondrial inner membrane 
marker, have complex distributions which indicate 
that each is associated with two or more distinct 
membrane populations [5] The peak of maltase 
(not shown) centered in fraction 22 represents 
brush border membranes [5] This population 
overlaps the mitochondria (not shown) and a 
high-density, complex aggregate, which is indi­
cated by the coinciding peaks of all markers in 
fraction 23 On the basis of the distribution of 
(Na+-K+)-ATPase, a conventional basolateral 
membrane marker, and galactosyltransferase, a 
conventional Golgi marker, we designated gradi­
ent fractions 6-11 as Density Window II and 
fractions 13-17 as Density Window III Window 
II contained 25% of the initial galactosyltransfer­
ase activity, while Density Window III contained 
30% of the initial (Na + -K + )-ATPase activity 
ATP-dependent Ca2'"'-transport activity, like 
NADPH-cytochrome-c reductase, was distributed 
approximately evenly between the two density 
windows This activity cannot be the result of 
mitochondrial contamination, since mitochondria 
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were essentially absent from this region of the 
density gradient, and since the transport measure­
ments were made in media containing the mito­
chondrial inhibitors NaN-i and oligomycin The 
distribution of transport activity in Fig 1 substan­
tiates the observation of Rubinoff and Nellans 
[11] that ATP-dependent Ca2+-transport activity 
was associated with other membranes in addition 
to the basolateral membranes Since Window II 
contained peaks of both galactosyltransferase and 
NADPH-cytochrome-c reductase, it seemed likely 
that it contained both Golgi and endoplasmic 
reticulum populations However, it was not possi­
ble to delineate all the component populations in 
Window II solely on the basis of marker distribu­
tions such as those presented in Fig 1 A similar 
problem was presented by the marker distribution 
patterns in Density Window III This window 
contained peaks of galactosyltransferase and 
NADPH-cytochrome-c reductase in addition to 
(Na+-K + )-ATPase, so it seemed likely that a mix­
ture of Golgi, endoplasmic reticulum, and baso­
lateral membranes was present in Window III 
However, it was not possible to delineate these 
populations or to determine how the ATP-depen­
dent Ca2''"-transport activity might be distnbuted 
among them 
In Fig 2 a time course of Ca2+-uptake by 
membranes from density Window II is shown 
Addition of the Ca2+-ionophore A23187 resulted 
within IS s m release of 90% of accumulated Ca2+, 
indicating uptake against a concentration gradi­
ent The same time course and A23187 effect were 
Window I 
Fig 1 Density distributions of ATP-dependent Ca2* uptake 
protein and enzymatic markers Density gradient centrifuga 
lion was performed in a Z-60 zonal rotor as desenbed under 
Methods 
Fig 2 Time course of Ca2+ uptake in the presence and 
absence of 10 mM ATP Pooled membrane fraction from 
Density Window II (fractions 6-11) and III (fractions of 
13-17) were used (Results of Window III not shown ) 
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observed for membranes from Density Window 
III 
Counter-current dislnbulion analyses of mem-
branes from Window II and Window III (data not 
shown) confirmed that each Window contained a 
multiplicity of membrane populations It would be 
necessary to postulate at least four separate popu-
lations to account for the observed marker distri-
butions in Window II Similarly, the marker distri-
butions after counter-current distribution of 
Window III would suggest the presence of at least 
three membrane populations ATP-dependent 
Ca2+-transport activity appeared lo be associated 
with each of the populations from both density 
windows Thus, only about half the ATP-depen-
dent Ca2+-transport activity recovered after coun-
ter-current distribution of Density Window III 
was associated with the peak of (Na+-K+)-ATP-
ase-nch membranes that would be identified as 
basolateral membranes 
While the counter-current distribution analyses 
of Windows II and III confirmed that ATP-de-
pendent Ca2+-transport activity had a complex 
subcellular distribution, the recovery of transport 
activity was so low (5 and 7%, respectively) that 
we could not accurately characterize the activities 
associated with the various populations To obtain 
such information, we devised a second density 
gradient centnfugation procedure as an alterna-
tive, more rapid means of subfractionating Den-
sity Windows II and III 
Figure 3 summanzes the marker distribution 
patterns which resulted when Density Window II 
was subjected to density gradient centnfugation 
after its sorbitol concentration had been brought 
to 55% as described under Methods The recovery 
of ATP-dependent Ca2+ transport was now 26%, 
much better than after counter-current distribu-
tion Table II summanzes the corresponding 
marker enrichment factors To determine whether 
fractions obtained in this way might represent 
reasonably pure samples of particular subcellular 
membrane populations, we subjected them to 
counter-current distnbulion analysis The analysis 
of fractions 3, 4 and 5 from the second density 
gradient centnfugation of Window II are pre-
sented as two-dimensional separation in Fig 4 
Window II was more complex than had been 
anticipated on the basis of the counter-current 
> 
ATP-dependent Co** transpor 
" 
. 
-
! 
1 
Fig. 3 Density distnbulion of ATP-dependent Ca2"* uptake 
protein and enzymatic markers after a second density gradient 
cenlnfugation of Density Window II (fractions 6-11 in Fig 1) 
distnbulion analysis As summanzed in the lower-
nght panel of Fig 4, fractions 3, 4 and 5 from the 
second density gradient subfractionation of 
Window II contained a total of 10 distinct mem-
brane populations However, fraction 3 was 
dominated by a single major population, desig-
nated population h Population h appeared to be 
pnmanly endoplasmic reticulum in character, since 
it has a relatively greater cumulative ennchment 
factor for NADPH-cytochrome-c reductase than 
for the other markers tested Fraction 5 was also 
dominated by one major population, designated 
population e Population e appeared to be pnm-
anly Golgi in character, since it had a relatively 
greater cumulative ennchment factor for galacto-
syllransferase, its galactosyltransferase ennchment 
86 
272 
TABLE II 
NET CUMULATIVE ENRICHMENT FACTORS OF EN­
ZYMATIC MARKERS AFTER SECOND DENSITY 
GRADIENTS CENTRIFUGATION OF WINDOWS II AND 
III AND AFTER COUNTER-CURRENT DISTRIBUTION 
OF SECOND GRADIENT FRACTION 
Cumulative ennchmcnt factors relate observed marker specific 
activities to specific activities in the initial homogenate. The 
calculations, which include corrections for recovery, were per­
formed as outlined under Methods and described in detail by 
Mircheff and Lu [16]. Coordinates in parenthesis give locations 
(Density Window from first gradient, fraction from second 
gradient, counter-current distribution fractions) of samples used 
in these calculations. 
Fraction 
11.3 
11,5 
111,3 
111,6 
Population 
e (11,5.51 
h (11,3,11 
-60) 
-20) 
/' (111,3,41-50) 
Ζ A 
/ / 
/Γ 
V 
<Na+-] 1С* y Maltase NADPH 
ATPase 
24 
O.S 
8.8 
2.1 
11 
2.3 
10.5 
¿-
0.1 
02 
0.2 
0.5 
n.d. 
n.d. 
n.d. 
- / ^ 
' / / / 
- / ^СХ 
/ / / / 
/ / / 
/ / < 
/ / 
cyt-c 
3.4 
2.0 
2.7 
1.9 
1.6 
3.5 
2.2 
Gal. 
trans 
3.2 
3.2 
1.9 
1.4 
4.0 
2.6 
1.8 
Na.K-ATPase 
'V/, 
/ / / 
V < 
γ /A 
< 
A 
Galactosyl-
transferase 
factor of 4.0 was similar to the factor of 6.1 
reported by Walters et al. [12], and its (Na+-K + )-
ATPase enrichment factor was nearly 5-fold lower. 
Fraction 4 was more heterogeneous than fractions 
3 and 5. It contained two populations, designated 
ι and /, which resembled each other biochemically 
but which had slightly different partitioning char­
acteristics; population 6, which was characterized 
by a large cumulative enrichment factor for 
galactosyltransferase; and elements of population 
e spilling over from fraction 5. 
Density Window III was subjected to the same 
two-dimensional analysis as described for Window 
II. The marker distribution patterns after the sec­
ond density gradient subfractionation are sum­
marized in Fig. 5, and marker distributions result­
ing from counter-current distribution analyses of 
fractions 3, 4 and S are presented in Fig. 6. The 
marker cumulative enrichment factors obtained in 
these analyses are presented in Table II. The 
populations designated /' and /" appeared to 
represent two slightly different subpopulations of 
basolateral plasma membranes, since they con-
NADPH-cytochrocn· 
reductase 
40 BO 120 40 
Partitioning »* 
Fig. 4. Summary of second density gradient centnfugation of Window II (z-axis) and counter-current distribution analysis of second 
density centnfugation (jc-axis) as a two-dimensional fractionation Elevations above the density partitioning plane (/-axis) are 
proporüonaL to percentages of total recovered activity divided by the number of fractions in the second density gradient. 
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40 "NADPH-cylochror ne с reductase 
ι ι 
1 2 3 4 9 6 
Fraction 
Fig 5 Density dislnbution of ATP-dependent C a 2 + uptake, 
protein and enzymatic markers after a second density gradient 
centnfugation of Density Window III (fractions 13-17 in Fig. 
1) 
tained the most highly purified (Na+-K + )-ATPase 
activity. Fraction 3 from the second density gradi­
ent centnfugation of Density Window III con­
tained a relatively pure sample of population /', 
while fraction 4 contained an admixture of popu­
lations η and /". Fraction 5, which was the major 
locus of ATP-dependent Ca2 """-transport activity 
after the second density gradient cenlrifugation of 
Density Window III, was dominated by a major 
membrane population, designated m. The origins 
of population m are not clear, since it exhibited 
approximately equal net enrichment factors for 
galactosyltransferase and NADPH-cytochrome-c 
reductase. ATP-dependent Ca 2 +-transport activity 
was characterized in fraction 3 from the second 
density gradient subfractionation of Window III 
(III, 3), since this fraction represented a relatively 
pure sample of basolateral membranes, i.e., popu­
lation I'. Fraction 111,6 was selected for further 
analysis because it appeared to represent the sub-
fraction of Density Window III least subject to 
contamination by the basolateral membrane. 
Fractions 11,3 and 11,5 were also selected for fur­
ther analysis, because they represented relatively 
pure samples of populations h and e. 
Since the rates of active Ca 2 + transport were 
constant for at least 30 s, 30 s uptake values at 
several Ca 2 + concentrations were used to estimate 
the kinetic parameters. Values of K
m
 and K
ma
, 
obtained by Eadie-Hofstee transformation of the 
initial rate vs. concentration data are presented in 
Table III. The apparent K
m
 values for all four 
samples were similar (Student's Mest, Ρ > 0.05). 
The endoplasmic reticulum sample tested, popula­
tion A, had the highest apparent
 т к
. The Golgi 
sample tested, population e, and the basolateral 
membrane sample, population /', had inter­
mediate values of ^ „ , and fraction 111,6 had the 
lowest value. The transport activities of the four 
samples analyzed could not be differentiated on 
the basis of their apparent K
m
 values, and dif­
ferences in K
max
 probably reflect differences in the 
concentrations of pump sites rather than variabil­
ity in the intrinsic properties of the pumps. In 
other preparations it has been possible to dis­
tinguish plasma membrane- and endoplasmic re-
ticulum-associated Са 2 *-ритр activities on the 
basis of their sensitivities to oxalate [13,14] vana­
date and calmodulin [13]. The effects of these 
agents are summarized in Table IV. 
Addition of 1 μ M calmodulin to the reaction 
media had no effect on ATP-dependent Ca2 + 
transport, probably due to the presence of tightly 
bound endogenous calmodulin [10]. Preincubation 
of the membrane fractions with the calmodulin 
antagonist calmidazolium (0.1 μΜ) dramatically 
decreased the ATP-dependent Ca 2 + transport in 
all four samples. Therefore, the Ca2+-transport 
activities of both the plasma membranes and the 
various intracellular membranes appear to have 
similar interactions with calmodulin. The ATP-de­
pendent Ca2+-transport activities of all four frac­
tions were also similarly stimulated by oxalate. 
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Na.K-ATPase 
NADPH-cytochrome 
с reductase 
40 80 120 
Galactosyl-
transferase 
120 40 
Partitioning ~ -
Fig. 6 Summary of second density gradient centnfugation of window III (2-axis) and counter-current distnbution analysis of second 
density gradient fractions (x-aus) as a two-dimensional fractionation Elevations above the density partitioning plane (/-axis) are 
proportional to percentages of toul recovered activity divided by the number of fractions in the second density gradient. 
Sufficiently high concentrations of vanadate (2S0 
μΜ) could completely inhibit the ATP-dependent 
Ca2+-transport activity of each of the four frac-
TABLE III 
THE KINETIC PARAMETERS K„ AND ν„,% OF ATP-
DEPENDENT Ca!* UPTAKE (INITIAL RATES, 0 5 mm) 
OF THE SECOND EQUILIBRIUM DENSITV GRADIENT 
FRACTIONS 11,3, II, 5, III.3 AND 111,6 
Means ± S D are given from three expenments in duplicate 
Frac­
tion 
11,3 
11,5 
111,3 
111,6 
Popu­
lation 
A (ER) 
e (G) 
Γ (BLM) 
*
m (μΜ) 
0 5 2 ± 0 1 6 
О Э 2 ± 0 0 2 
0 5 2 ± 0 1 7 
0 2 8 ± 0 0 6 
Kl». 
(nmol Ca2 V 
mg protein 
per min) 
4 7 9 ± 1 4 0 
2 2 4 ± 0 36 
3 7 2 ± 1 2 3 
1 6 3 ± 0 3 5 
c c " 
0 9 3 ± 0 03 
0 98 ±0.02 
0 91 ± 0 07 
0 8 7 ± 0 0 6 
TABLE IV 
INFLUENCE OF OXALATE, VANADATE, CALMODU­
LIN AND CALMIDAZOLIUM ON ATP-DEPENDENT 
Ca2 + UPTAKE OF THE SECOND GRADIENT FRAC­
TIONS 11,3, 11,5, 111,3 AND 111,6 
Membranes were prcincubated for 1 h on ice with vanadate, 
calmodulin and calimdazoLium ATP-dependent Ca2* uptakes 
were done for 0 5 mm, except for oxalate, which was tested 
under steady «state conditions (12 mm) Mean percentage in­
hibition or stimulation is expressed from two expenments in 
duplicate 
Correlation coefficient of Eadie-Hofstce analysed data 
Frac­
tion 
II.3 
11,5 
111,3 
Ш.6 
Popu­
lation 
A (ER) 
e (G) 
/' (BLM) 
Oxalate 
(10 mM) 
661 
88 5 
68 7 
79 2 
Vanadate 
( Ι μ Μ ) 
- 3 8 0 
- 2 7 3 
- 7 . 8 
- 5 2 8 
Calmod­
ulin 
( Ι μ Μ ) 
9 2 
0 1 
- 7 1 
10 2 
Calmida-
zohum 
(0 1 μΜ) 
- 7 2 4 
- 8 7 7 
- 7 5 . 2 
- 8 6 7 
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lions (data not shown) However, fraction 111,3, 
the basolateral membrane sample, had a lower 
affinity for vanadate, since it was reduced by only 
7 8% at 1 μΜ vanadate, a concentration which 
inhibited 27 3-52 8% of the activities of the in­
tracellular samples 
Discussion 
The results of this study indicate that ATP-de-
pendent Ca2 +-transport activity has a complex 
subcellular distribution, being present in baso­
lateral membranes, several subpopulations of en­
doplasmic reticulum membranes, and several sub-
populations of Golgi membranes This conclusion 
was anticipated by previous studies of intestinal 
epithelial cells [11,12], and the complexity of the 
Ca2+-transport distribution is reminiscent of the 
subcellular distributions of enzymatic markers 
found in surveys of a vanety of epithelial cells 
[5,16-18] 
The previous reports that epithelial cell plasma 
membrane enzymes and transport functions are 
present in endoplasmic reticulum and Golgi mem­
branes have been interpreted in terms of the con­
cepts of membrane biogenesis and recycling Thus, 
aminoohgopeptidases detected in endoplasmic re­
ticulum and Golgi membranes were shown to 
represent different stages in the biosynthesis and 
assembly of the brush border enzyme [8] The 
ATP-dependent Ca2 """-transport activities of four 
different membrane samples (populations /', A 
and e and fraction 111,6) shared several character­
istics, ι e, they had similar К
ш
 values, they were 
stimulated to a similar extent by oxalate, and they 
were inhibited to a similar extent by the calmodu­
lin antagonist, calmidazohum However, the Ca-
ATPase mediating Ca 2 + transport in the baso­
lateral membranes (population /') may differ 
fundamentally from that in the endoplasmic re­
ticulum membranes, since it had a markedly lower 
affinity for vanadate The conclusion that the 
plasma membrane Ca 2 + pump ATPase differs from 
that of the endoplasmic reticulum is, in principle, 
consistent with results obtained with other cells 
types, although the nature of the differences seems 
to vary from one tissue to another [13,14,19,20] 
The observation that Golgi-associated Ca2 ""-trans­
port activity had an intermediate affinity for 
vanadate (Table IV) suggests the possibility that 
the activity in this sample reflected contributions 
by both types of enzyme, and it leads us to 
speculate that the Golgi complex is an important 
site in the recycling of the plasma membrane 
Ca2 +-pump ATPase Such a suggestion is certainly 
consistent with the results of morphological stud­
ies of membrane recycling [21,22] We should point 
out, however, that within the limitations of our 
methodology, the Golgi-associated ATP-depen­
dent Ca2 "-transport activity appeared to be con­
centrated in the less mature, or cis-most elements 
This conclusion is drawn from the data presented 
in Fig 4 Population b in Fig 4 was the locus at 
which galactosyltransferase was most highly en­
riched (i e 18 7-fold) and therefore the population 
most likely to have been denved from the trans-
most elements of the Golgi complex 
The inherent limitations of the fractionation 
approach prevent us from proposing a quantita­
tive map of the subcellular distribution of ATP-
dependent Ca2 +-transport activity That is, one 
cannot know how faithfully the kinetic properties 
of an enzyme measured in an isolated membrane 
sample reflect the properties of that enzyme m 
situ This is an especially troublesome question for 
a transport enzyme, since our ability to measure 
catalytic activity depends on vesicle orientation 
and sealing as well as on the integrity of the 
enzyme itself The V
maJt value of 3 8 nmol Ca
2
"
1
"/ 
mg protein per min in population /' was roughly 
2 5-fold lower than the values obtained in baso­
lateral membrane samples isolated by other proce­
dures [1,10] This difference suggests that the iso­
lation scheme we have employed in our attempt to 
resolve vanous membrane populations may have 
resulted in a greater than usual degradation of the 
basolateral membrane-associated Ca2 +-transport 
activity In contrast, the K
ma
, values measured in 
populations e and A exceed the values reported 
for Golgi [12] and crude endoplasmic reticulum 
[11] samples by factors of 3 1 and 3 4 Although 
we have achieved relatively better preservation of 
the intracellular transport activities than was pos­
sible in previous studies, we still cannot know 
what our yields have actually been With these 
reservations in mind, it is of interest to point out 
that the isolated basolateral membrane popula­
tions /' and /" together account for at most 25% 
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of the recovered ATP-dependent Ca2 +-transport 
activity. Density window III, which contained the 
basolateral membrane populations during the first 
density gradient centnfugation step, accounted for 
at most 50% of the recovered activity. When this 
window was subfractionated, either by counter-
current distribution or by a second density gradi­
ent centnfugation procedure, the basolateral mem­
brane populations again accounted for at most 
50% of the activity recovered from the separation 
procedure. These are, in fact, generous estimates 
of the fraction of the recovered activity that can 
be attributed to the basolateral membranes, since 
populations /' and / " were overlapped by popula­
tion m and by population л in the second density 
gradient centnfugation depicted in Fig. 6. Thus, in 
addition to demonstrating that ATP-dependent 
Ca2 +-transport activity has a complex distribution 
within intestinal epithelial cells, our study raises 
the possibility that the basolateral membranes 
might account for a relatively minor portion of the 
cell's CaJ +-pumping ability. 
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Chapter 9 
GENERAL DISCUSSION 
9.1 Introduction 
The body demands for calcium are met by net absorption in the small intestinal 
tract. Calcium absorption is mainly localized in the duodenum, and is tran-
scellular or paracellular. If the luminal calcium concentration is raised, the 
paracellular pathway becomes more important. Transcellular calcium transport 
requires energy. Active transepithelial calcium transport can be devided into 
3 components: 1. passive calcium influx across the brush border membrane; 2. 
diffusion of calcium through the cell; and 3. active transport of calcium 
across the basolateral membrane to the serosa. The vitamin D metabolite 
1,25(0H)2D3 stimulates calcium absorption by enhancing brush border membrane 
influx (1-5). Moreover it regulates the synthesis of a cytosolic calcium bind­
ing protein, calbindin, which is until now the best defined molecular expres­
sion of vitamin D in the small intestine (2,5-7). Recently it has been 
reported that 1,25(0Н)20з also stimulates active extrusion of calcium out of 
the cell by the basolateral membrane calcium pumping ATPase (8-10). We inves­
tigated this effect of 1,25(0Н)2І)з in more detail and observed, as discussed 
in the next section (§9.2), no direct stimulatory effect of 1,25(ОН)20з on the 
duodenal basolateral membrane calcium pump. However 1,25(ОН)20з seemed to be 
regulating the ileal basolateral membrane calcium pump. 
Calcium is known as one of the second messengers in cells: it relays the mes­
sages arriving оц the cell surface to specific biochemical processes in the 
cell resulting in a cellular response (11). Therefore the intracellular cal­
cium concentration has to be carefully controlled. In unstimulated cells the 
free calcium concentration is thought to be around 0.1 yM (3). Intestinal 
cells are faced with the challenge to absorb large and variable amounts of 
calcium, while at the same time they have to keep the cytosolic calcium con­
centration low. Possible mechanisms to maintain low cytosolic calcium concen­
trations involve calbindin and calcium transport mechanisms in intracellular 
membranes like endoplasmic reticulum and mitochondria. In §9.3 these mecha­
nisms are discussed in more detail. 
The last section (§9.4) presents a model for the intracellular calcium han­
dling of intestinal cells. 
9.2 Basolateral Membrane Calcium Transport Hechanisms 
As reported in the first chapter (§1.4.2) two calcium transport mechanisms 
have been established in the basolateral membrane of intestinal cells: a 
calcium-pumping ATPase and a Na +-Ca 2 + exchange mechanism. The properties, reg­
ulation and physiological significance of both transport systems will be dis­
cussed below. 
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9.2.1 Calcium Pumping ATPase 
The basolateral membrane Ca2+-pumping ATPase of intestinal cells is similar to 
the Ca2+-pumping ATPase in the plasma membranes of red blood cells (11). The 
red blood cell calcium pump has the following characteristics: a high affinity 
for calcium, a molecular weight of 140 kD, a high sensitivity to vanadate and 
regulation by calmodulin. 
High affinity ATP-dependent calcium transport in purified intestinal basola­
teral membrane vesicles was demonstrated by 3 groups at the same time (12-14). 
ATP-dependent calcium transport was against a concentration gradient in mem­
brane vesicles since Ca 2 + ionophore abolished uptake almost completely (ref 
12,14; chapter 2). However the isolated basolateral membranes are contaminat­
ed with endoplasmic reticulum and Golgi membranes. Three types of control 
experiments rule out a significant contribution of these intracellular mem­
branes to ATP-dependent Ca2+-transport in purified basolateral membranes. 
First, 10 mM oxalate had no effect on calcium accumulation, indicating uptake 
into plasma membranes impermeable to oxalate (chapter 2). Oxalate has been 
found to stimulate calcium uptake into isolated endoplasmic reticulum mem­
branes of a variety of tissues (ref 15-19; chapter 6). Second, a further 
purification of the basolateral membranes on a sucrose-Ficoll gradient demon­
strated a copurification of the basolateral membrane marker (Na+-K+)-ATPase 
with ATP-dependent calcium transport (chapter 3). No correlation was found 
between calcium transport and the endoplasmic reticulum marker NADPH cyto­
chrome С reductase, nor with the Golgi membrane marker thiamine pyrophospha­
tase (chapter 3). Third, ATP-driven calcium transport was inhibited for 60% 
with low concentrations of digitonin (0.01%). Digitonin is known to permeabi-
lize plasma membranes selectively by complexing with cholesterol (19). The 
endoplasmic reticulum membrane is relatively poor in cholesterol and unaffect­
ed by relatively low concentrations of this detergent (19,20). 
The Ca2+-pumping ATPase was reported to have a Km of 0.02 μΜ (12) and 0.1-0.2 
yM (14,21). The 5-10 fold difference in Km can be explained by the rather 
high apparent association constant Nellans and Popovitch (12) used, resulting 
in an underestimation of the actual free calcium concentration. The Km is 
sufficiently low to buffer the cytosolic calcium concentration around the 
resting value of 0.1 μΜ. The Vmax varied from 1.0 (13) and 1.2 nmol/mg pro­
tein.min (12) to 5.3 nmol Ca2+/mg protein.min (14) when the experiments were 
performed at 25eC. These differences can not be explained by a different puri­
fication of the basolateral membranes fractions or vesicle orientation. Nel­
lans and Popovitch (12) and Hildman et al (13) used duodenum and jejunum to 
prepare their basolateral membranes, while Ghijsen et al (14) only used duode­
num. The difference in Vmax can be explained by the decrease in Ca 2 + -pump 
activity further down the intestine towards the ileum (chapter 3). 
A more important problem than the regional differences is the marked effect of 
the cell isolation method on calcium pumping ATPase activities (chapter 3 and 
4). A vibration method in EDTA-saline at 4CC resulted in much higher calcium 
transport rates in the jejunal and ileal basolateral membranes, than when 
cells were isolated with a citrate buffer method performed at 370C (chapter 
3). We postulated that the distal small intestine is more sensitive to protei­
nases present in the intestinal lumen during the citrate-buffer cell isolation 
(chapter 3). Intestinal cells were isolated with the vibration method at 40C 
and subsequently treated with varying amounts of trypsin. Basolateral membrane 
calcium transport rates of jejunum and ileum were highly susceptible for pro­
teinase treatment in contrast with duodenum (chapter 3), which is in agreement 
with the conclusion made above. It has been reported that digestive enzymes 
present in intestinal homogenates have a deleterious effect (22). However, we 
only observed an effect of proteinases on the calcium pump. The other enzymes 
tested were not susceptible to the cell isolation method or trypsin treatment 
(chapter 3). 
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ATP-dependent calcium transport not only varied along the small intestine, but 
also along the duodenal villus-crypt axis (chapter 2). Maximal transport 
rates were observed in the mid-villus region and decreased towards the villus 
tip and crypt base. Basolateral membrane calcium transport was practically 
absent in the crypt cells (chapter 2). Instead of the Ca2+-transport assay, 
the enzymatic expression of the CaI+-pumping ATPase can be estimated. It is 
difficult to measure high affinity Ca2 -ATPase activity due to high background 
ATPase activity. Moreover, calcium activates aspecific phosphatases which are 
not involved in calcium transport. The duodenal villus-crypt distribution of 
Ca2+-ATPase activity correlated well with ATP-dependent Ca2+-transport (chap­
ter 2). Close correlations between duodenal Caz+-ATPase and ATP-dependent 
Ca2+-transport activities have been reported before (14). Ghijsen et al (14) 
found that high affinity Ca2+-ATPase activity can be assayed reliably when the 
free calcium concentration is 1 yM and the free magnesium concentration 1-5 
mM. Theophyllin must be present to suppress alkaline phosphatase activity. 
For rat liver plasma it was found that part of the high affinity Ca2+-ATPase 
activity was not associated with a calcium pump (23). 
As has been observed for red blood cells (11), high affinity Ca2+-transport in 
rat enterocyte basolateral membranes was stimulated by calmodulin and sensi­
tive to calmodulin antagonist (14). We observed no effect of calmodulin on 
basolateral membrane calcium transport (chapter 8). However, low concentra­
tions of the calmodulin antagonist calmidazolium suppressed initial Ca 2 + 
uptake rates for 75% (chapter 8). Since high concentrations of calmodulin are 
present in basolateral membranes (chapter 8) it can be expected that addition 
of low amounts of calmodulin have no extra stimulatory effect on 
Ca2+-transport. Our results together with those of Ghijsen et al (14) indicate 
that the basolateral membrane calcium pump of intestinal cells is sensitive to 
calmodulin. Recently it has been found that duodenal Ca2+-pumping ATPase was 
affected by Ca2+-calmodulin, which increases the Vmax as well as the affinity 
for calcium in calmodulin depleted membranes (21). 
Calculations can be made concerning the capacity of the Ca2+-pumping ATPase in 
relation to active transepithelial calcium transport. Assuming a Vmax of 10 
nmol Ca2+/mg protein.min for duodenal membrane vesicles, which are 10-fold 
purified and for 25% oriented inside-out (ref 14;chapter 3), we can calculate 
a Vmax of 4 nmol Ca2+/mg protein.min of the basolateral membrane Ca2+-ATPase 
in the cell. This is equivalent to 480 nmol Ca2+/h.cm2 when we take into con­
sideration that 1 cm2 is roughly 2 mg cell protein (5). For Ussing chamber 
experiments the calculated transport rate was 120 nmol Ca2+/h.cm2 (4). Hence 
the basolateral membrane Ca2+-pumping ATPase activity is not the rate-limiting 
step in duodenal active calcium absorption. 
1,25-Dihydroxy Vitamin D3 
As mentioned in the first chapter (§1.4.2) it was reported that 1,25(0Н)20з 
regulated the ATP-dependent Ca2+-pump in the basolateral membrane of rat 
duodenal villus cells (8,9). 1,25(0Н)20з increased the Vmax of the pump and 
had no effect on the Km (8). These results have also been found in chick 
duodenum (10). Our results indicate that the effect of 1,25(0Н)20з on the 
Ca2+-pumping ATPase is a result of the cell isolation method: the vibration 
method in EDTA-saline at 40C gave normal transport rates in vitamin 
D-deficient rats, while cells isolated with the citrate buffer method at 370C 
had decreased Ca2+-transport rates (chapter 4). The cell isolation method had 
no effect on the purification of the basolateral membranes, nor on vesicle 
leakiness or size (chapter 4). Addition of lipase or proteinase inhibitors to 
the cell isolation buffer, or fasting the rats at least 16 h before sacrifice, 
restored full pump activity in vitamin D-deficient rats (chapter 4). These 
results support the conclusion that 1,25(0Н)20з alters the basolateral mem-
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brane lipid composition, resulting in a easier access to the calcium pump 
sites by luminal proteinase activity present during the citrate buffer cell 
isolation method. 
A comprehensive lipid analysis indicated a decreased membrane cholesterol con­
tent using the citrate buffer cell isolation method (chapter 5). The vitamin D 
metabolite had one specific effect on duodenal basolateral membrane lipid com­
position: oleic acid (18:1) and linoleic (18:2) were decreased and stearic 
acid (18:0) was increased in sphingomyelin (chapter 5). This specific 
1,25(ОН)2Вз induced change in sphingomyelin fatty acid composition could be 
directly involved in the accessibility of duodenal basolateral membrane 
Ca2+-pumping ATPase for proteinases. 
The vitamin D-dependent calcium pump in chick duodenum was demonstrated in 
basolateral membranes from mucosal scrapings (10). It is possible that this 
vitamin D effect is also an artefact, since homogenates of mucosal scrapings 
were shown to contain considerable (phospho)lipase activity (9). 
If 1,25(0Н)20з has no direct effect on the duodenal Ca2+-pumping ATPase, the 
increased calcium efflux must be the result of other mechanisms. Bikle et al 
(25) reported a significant higher cytosolic calcium concentration in duodenal 
cells of vitamin D-repleted chicks (130 nM) than in deficient controls (70 
nM). In hepatocytes it was also demonstrated that 1,25(0Н)20з increased the 
cytosolic calcium concentration (26). Since the Km of the Ca -pumping ATPase 
is around 0.1 yM (14,21) the reported increase in cytosolic calcium concentra­
tion (25) is accompanied by a marked increase in pump rate. 
Whether vitamin D-dependent calcium binding protein, calbindin, regulates the 
Ca^-pumping ATPase is still not evident. Ghijsen et al (23) observed no 
effect of duodenal calbindin 9kD (5 μΜ) on calcium pump activity, while Morgan 
et al (27) found that renal calbindin 28kD stimulates Ca2+-ATPase activity in 
red blood cells with a maximal effect at 10 μΜ. 
In contrast to duodenum we observed a stimulatory effect of 1,25(0Н)20з on the 
ileal basolateral membrane calcium pump (chapter 4).The ileum has a distinct 
role in the small intestine since it either secretes calcium in the intestinal 
lumen, or absorps calcium after extra injections with 1,25(011)203 (4). Tran-
scellular calcium fluxes in the ileum are thus regulated in a different way 
than in the duodenum. Thomasset et al (28) reported that calbindin is absent 
in ileum. If calbindin is involved in intracellular calcium buffering, the 
ileal cell is less well equiped to buffer the cytosolic calcium concentration 
within narrow limits. Therefore, 1,25(0Н)20з may regulate the number of calci­
um pump sites, in contrast with duodenum where 1,25(0Н)20з exerts its effect 
by changing in the cytosolic calcium concentration. 
The ileal basolateral membrane lipid composition is altered by 1,25(0Н)20з 
although the nature of the changes is different from its proximal counterparts 
(chapter 5). For brush border membranes it was suggested that 1,25(0Н)20з reg­
ulates calcium translocation by specific alterations in membrane lipid compo­
sition exposing cryptic calcium channels (29). We could hypothesize that 
1,25(0Н)20з regulates the number of calcium pump sites by altering the basola­
teral membrane lipid composition and thereby activating cryptic calcium pumps. 
Vitamin D could also exert its effect by inducing the synthesis of new calcium 
pump molecules. 
9.2.2 Sodium Calcium Exchange 
In the presence of a Na+-gradient over the basolateral membrane, Na +-Ca 2 + 
exchange can be demonstrated in villus and crypt cells (chapter 2). The capac­
ity of Na +-Ca 2 + exchange is comparable in both cell types and is in agreement 
with an earlier study describing Na +-Ca 2 + exchange in duodenal basolateral 
membranes of villus cells (30). Not only along the duodenal villus-crypt axis, 
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but also along the small intestinal tract the capacity of the exchanger is 
comparable (30). Na +-Ca 2 + exchange in other epithelial cell plasma membranes 
like those of kidney cortex (31) and pancreatic acini (32,33), has a capacity 
in the same range as plasma membranes of intestinal cells. In contrast the 
Na +-Ca 2 + exchanger in heart sarcolemma has a much higher capacity (34). 
For rat renal cortex plasma membranes (31) and heart sarcolemma (35) it was 
demonstrated that Na +-Ca 2 + exchange operates symmetrically. Assuming a symme­
trically operating exchanger in intestinal membranes, we can calculate that 
the capacity of Νβ +-0β 2 + exchange is 1.5-2.0 nmol Ca2+/mg protein.min in puri­
fied basolateral membranes of villus and crypt cells (chapter 2; values cor­
rected for leakiness). We can compare this value with ATP-dependent calcium 
transport: 10 nmol Ca2+/mg protein.min (chapter 3 and 4) in resealed inside-
out oriented vesicles constituting roughly 25% of the total membrane popula­
tion. Hence the total capacity of ATP-dependent calcium transport in purified 
basolateral membranes is 40 nmol/rag protein.min. Considering the effect of 
Na+ on Ca2+-pumping ATPase (31), in duodenal villus cells the capacity of 
Na +-Ca 2 + exchange is maximally 20% of total Ca2+-pumping ATPase activity. The 
same calculations for crypt cell membranes indicate that the capacity of the 
exchanger is at least 30-40% of the Ca2+-pumping ATPase. In kidney cortex 
plasma membranes the maximal capacity of Na +-Ca 4 + exchange was 20% of the Vmax 
value of the Ca2+-pumping ATPase (31). 
The distribution of Na +-Ca 2 + exchange along the villus-crypt axis and small 
intestine, together with its low capacity minimize a significant contribution 
of Na +-Ca 2 + exchange to active intestinal calcium absorption. However, we 
have to be carefull by extrapolating studies on isolated membranes to the in 
vivo system. 
9.3 Intracellular Calcium Homeostasis 
As mentioned in the first chapter (§1.5) calcium is known as a second messen­
ger, together with cAMP and cGMP (11). An increase in the intracellular free 
calcium concentration decreases electrolyte absorption in villus cells of 
small intestine and in colon surface cells, while it increases electrolyte 
secretion in crypt cells (36,37). The absence of an effect of vitamin D on 
intestinal electrolyte transport indicates that transepithelial calcium trans­
port is dissociated from the cellular calcium concentrations activating these 
regulatory mechanisms. The next 2 sections discuss intracellular mechanisms 
involved in controlling the cytosolic free calcium concentration of intestinal 
cells. 
9.3.1 Intracellular Calcium Stores 
One of the first indications that intestinal intracellular calcium stores 
could be involved in intracellular calcium handling was the increased NaCl 
absorption in rabbit ileum treated with dantrolene (38). Dantrolene blocks 
the release of Ca 2 + from intracellular stores in smooth muscle. To character­
ize intracellular calcium stores we used 2 techniques. First, plasma membranes 
of intestinal cells were selectively permeabilized with the detergent saponin 
(comparable with digitonin, §9.2.1) allowing us to carefully control the cyto­
solic composition, as has been reported for a number of cell types (19,39,40). 
Second, cells were homogenized and intracellular membranes separated by means 
of differential and equilibrium density centrifugation and counter current 
distribution. 
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In permeabilized enterocytes we could demonstrate ATP-dependent calcium 
sequestration (chapter 6 and 7). At the same time two other groups also demon­
strated active calcium accumulation in enterocytes (41,42). Permeabilized rab­
bit enterocytes from the villus region had a resting cytosolic calcium concen­
tration of 36Q nM as measured with a calcium selective electrode (42). Crypt 
cells buffered medium calcium at about 200 nM (42). Calcium accumulated in the 
presence of ATP was released by calcium ionophore indicating uptake against a 
concentration gradient in a membrane store (ref 41,42; chapter 6). Mitochon­
drial and non-mitochondrial calcium stores could be demonstrated by the 
effects of vanadate, a Ca2+-ATPase inhibitor, and mitochondrial inhibitors 
like NaN3, antimycin and oligomycin or the mitochondrial calcium uniporter 
inhibitor ruthenium red (ref 41,42; chapter 6 and 7). Oxalate markedly stimu­
lated calcium uptake in the non-mitochondrial store. This indicates that at 
least part of the non-mitochondrial calcium store is endoplasmic reticulum, 
since oxalate stimulates endoplasmic reticulum calcium uptake (see §9.2.1). 
The non-mitochondrial store released 40-50% of the accumulated calcium within 
1 min after addition of 5 vM inositol 1,4,5-trisphosphate (chapter 6). It 
seems that also in intestinal cells the phosphatidyl inositol-protein kinase С 
system is involved in stimulus-response coupling (3). The affinity of the non-
mitochondrial store was around 0.2 μΜ (chapter 6 and 7). 
Mitochondria started to take up calcium when the free medium calcium concen­
tration was increased to 0.3 μΜ (chapter 6 and 7) or above 1 μΜ (41,42). The 
rather low affinity reported by Velasco et al (41) is likely to be due to the 
calcium buffer system used (see discussion chapter 6). It seems unlikely that 
mitochondria are involved in buffering the cytosolic calcium concentration, 
which is thought to be 0.1 μΜ under resting conditions (43,44). 
The vitamin D metabolite 1,25(ОН)20з significantly affected mitochondrial as 
well as non-mitochondrial calcium stores (chapter 7). The Vmax of the non-
mitochondrial calcium store was reduced 40% in vitamin D-deficient rats com­
pared with 1,25(011)203 repleted and control animals (chapter 7). The Km was 
not affected by the vitamin D status (chapter 7). The mitochondrial store of 
vitamin D-deficient enterocytes had a 30% lower calcium storage capacity, pre­
dominantly due to a decreased calcium uniporter activity (chapter 7). It has 
been reported that in vitamin D-deficient rats the concentration of a specific 
protein of the outer mitochondrial membrane was reduced (45). Whether this 
protein is involved in mitochondrial calcium handling is unsure. Increased 
mitochondrial calcium efflux has been observed in the presence of vitamin 
D-dependent calcium binding protein, calbindin (ref 46; see §9.3.2). Thus 
1,25(0Н)20з stimulates mitochondrial calcium influx and efflux. Accelerated 
mitochondrial calcium influx stimulates mitochondrial enzymes involved in the 
production of ATP (44). ATP is necessary for active extrusion of calcium 
across the basolateral membrane. These results indicate that mitochondrial 
and non-mitochondrial calcium stores could be involved in 1,25(0Н)2Вз induced 
calcium absorption. 
The second technique to determine intracellular calcium stores is the separa­
tion of the various membrane systems by density gradient centrifugation. Rubi-
noff and Nellans (47) observed ATP-dependent calcium transport activity in an 
enterocyte membrane fraction modestly enriched in glucose-6-phosphatase, an 
enzymatic marker for endoplasmic reticulum. Walters et al (9) demonstrated 
active calcium transport in a Golgi membrane fraction enriched 6-fold in the 
Golgi membrane marker galactosyltransferase. However, both membrane fractions 
were contaminated with basolateral membranes. We used a more rigorous method 
to separate the several subcellular membrane fractions: density centrifugation 
followed by counter-current distribution (chapter 8). High affinity ATP-
dependent calcium transport activity could be found in several subpopulations 
of endoplasmic reticulum and Golgi membranes. 
- 98 -
High affinity ATP-induced binding of calcium to Golgi enriched membrane frac­
tions, reduced in vitamin D-deficient rats, was reported by Walters et al 
(48). These binding sites, identified as non-esterified fatty acids (49), were 
induced by phospholipase A activity in the mucosal scrapings (9). The fact 
that mucosal scrapings of vitamin D-deficient animals had lower phospholipase 
A activity (9), indicates that calcium binding to intracellular membranes is 
probably not involved in cytosolic calcium buffering. 
With these results in mind, we can try to quantitate the several calcium 
transport systems in duodenal villus cells. Calcium transport in isolated 
basolateral, Golgi and endoplasmic reticulum membranes was observed with a Km 
in the submicromolar range (chapter 8). After correction for the purification 
factor, the Vmax of the Ca2+-pumping ATPase of the endoplasmic reticulum mem­
brane population was 1.4 nmol Ca /mg protein.min. The Vmax of the Golgi mem­
brane population was 0.7 nmol Ca2+/mg protein.min. and of a third intracellu­
lar membrane population (presumably endoplasmic reticulum) 0.84 nmol Ca2+/mg 
protein.min. Hence, the total calcium storage capacity of the intracellular 
membranes, mitochondria not included, is at least 3 nmol Ca2+/mg protein.min. 
This value is underestimated because the transport rate is not corrected for 
vesicle leakiness or size. Moreover, the calcium transport rate was deter­
mined at pH 7.4. Decreasing the pH to 7.15 increased the transport rate in 
non-mitochondrial stores 2-fold (chapter 7). Finally, calcium transport is 
also present in other as yet undefined membrane populations (chapter 8). 
Assuming 50% leaky vesicles, as found for basolateral membranes (chapter 2 and 
3), and optimal calcium transport at pH 7.15, the corrected transport capacity 
in isolated membranes will be 12 nmol Ca /mg protein.min (determined at 
37 0C). In permeabilized cells the Vmax of the non-mitochondrial store was 1.0 
nmol Ca2+/mg protein.min (chapter 6). However, calcium transport is highly 
susceptible to isolation procedures and to medium pH (chapter 7). At an opti­
mum pH of 7.15 the Vmax of the non-mitochondrial calcium store was 4.5 nmol 
Cai+/mg protein.min at 250C. This value is also underestimated because it is 
not corrected for Ca 2 + efflux. Assuming a 2-fold increase in the initial 
transport rate when increasing the temperature to 370C, the total transport 
capacity of the non-mitochondrial calcium stores increases to 9 nmol Ca /mg 
protein.min. Hence, both techniques for measuring intracellular calcium 
stores yield comparable results. The Vmax of the well characterized basola­
teral membrane calcium pump was estimated to be around 4 nmol Ca2+/mg pro­
tein.min. (§9.2.1). Hence the calcium pump capacity of intracellular stores is 
roughly 75% of the total capacity of duodenal villus cells. 
9.3.2 Vitamin D-Dependent Calcium Binding Protein 
Addition of 1,25(ОН)20з to vitamin D-deficient rats or chicks induces synthe­
sis of a calcium binding protein, calbindin, in enterocytes (§ 1.4.2). The 
amount of calbindin is directly correlated with the rate of active calcium 
absorption (2,5). The decrease in calbindin concentration along the duodenal 
villus-crypt axis (ref 50-52; chapter 2) and the small intestine (28) is in 
agreement with this view. 
Several hypotheses could be made concerning the action of calbindin in small 
intestinal epithelium. One interesting hypothesis is that calbindin could 
function as an intracellular buffer and shuttle between the influx and efflux 
mechanisms. Computer simulation models demonstrated increased calcium flux 
through the cytosol by calbindin (53). Feher (54) observed that calbindin 
facilitated calcium-diffusion in aqueous compartments. For another calcium 
binding protein, parvalbumin, it was found that an increase in protein concen­
tration resulted in a linear increase in calcium flux (55). Since high calbin­
din concentrations are present in enterocytes (up to 0.15 mM), we can expect 
calbindin to enhance the diffusion of calcium through the cytosol (55). 
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Another feasible hypothesis is that calbindin stimulates calcium uptake into 
intracellular membranes which diffuse through the cytosol to the basolateral 
membrane, insert in this membrane and release the calcium in the blood. Spe­
cific vitamin D-induced calcium uptake into vesicular membranes in entero-
cytes, which could be blocked by the protein synthesis inhibitor cyclohexi-
mide, has been reported (56). Bikle et al (57) reported that mitochondria 
contain calcium when the cytosolic calbindin concentration is low. An increase 
in calbindin was correlated with a reduced mitochondrial calcium content (57). 
Whether mitochondria are involved in cytosolic calcium transport remains 
obscure. 
9.4 Model for Intracellular Handling of Calcium 
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Figure 9.1: Intracellular calcium handling in intestinal cells. PTH: 
parathyroid hormone; ER: endoplasmic reticulum; CaBP: vit-
amin D-dependent Ca2+-binding protein (calbindin); PIP2: 
phosphatidylinositol 4,5-bisphosphate; IP3: inositol 1,4,5 
trisphosphate; ROC: receptor operated channel (reprinted 
with permission from the author, ref 59). 
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Figure 9.1 summarizes the calcium related events thought to occur in intesti­
nal cells. Calcium influx across the brush border membrane is regulated by 
1,25(0Н)2Пз (§1.4.2) and probably also by parathyroid hormone (58). All calci­
um entering the cell across the brush border membrane is extruded out of the 
cell across the basolateral membrane (1). Calcium influx must be slow but sus­
tained in order not to interfere with the function of calcium as an intracel­
lular second messenger. This could be accomplished by direct feedback regula­
tion of brush border membrane calcium influx, the signal being the cytosolic 
calcium concentration; and/or by calbindin, present in high amounts in the 
cytosol (§9.3.2), which binds calcium immediately after entry. Calcium will 
diffuse through the cytosol either in its free form, bound to calbindin 
(§9.3.2), or be accumulated in intracellular membrane stores (§9.3.1). Also a 
combination of these events could occur. Of the intracellular stores are the 
high affinity non-mitochondrial calcium stores, i.e. endoplasmic reticulum and 
Golgi membranes, likely to be primarily involved in accumulating cytosolic 
calcium. Maybe this proces is facilitated by calbindin by a direct stimulation 
of calcium pump activity. The accumulated calcium could be extruded across the 
basolateral membrane by exocytosis. The role of the mitochondria could be 
2-fold. First, vitamin D-induced mitochondrial calcium cycling stimulates the 
production of ATP necessary for calcium pump activity (§9.3.1) involved in 
transcellular calcium transport. Second, excess calcium taken up by the cell, 
for instance when the plasma membrane is damaged, activates the mitochondrial 
calcium uniporter preventing the cell from being flooded with calcium. The 
mitochondria release accumulated calcium gradually in the cytosol, activating 
the regulatory systems mentioned above. Calcium bound to calbindin will 
increase the cytosolic calcium concentration near the calcium pump sites, thus 
accelerating calcium efflux. An indication that at least part of the cytosol­
ic calcium transport involves the basolateral membrane calcium pump, is the 
2-fold higher pump activity in proximal small intestine compared with jejunum 
and ileum. 
The second messenger function of calcium is realized in a different way. One 
pathway is the activation of receptor operated Ca 2 + channels by neurohumoral 
substances resulting in a rapid but transient increase in the cytosolic calci­
um concentration by release of calcium from intracellular stores. The other 
pathway is binding of a specific substance to a membrane receptor, leading to 
the phosphodiesteric cleavage of phosphatidylinositol bisphosphate in IP3 and 
diacylglycerol. IP3 releases calcium from a intracellular membrane store, 
probably the endoplasmic reticulum, and diacylglycerol activates protein 
kinase C. This view is in agreement with stimulus-secretion coupling in other 
mammalian cells. 
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SUHMARY 
The vitarain D metabolite 1,25(ОН)20з has no effect on the basolateral membrane 
Ca2+-pumping ATPase of duodenal enterocytes. The earlier reported effects were 
due to luminal proteolytic activity present during Stern's cell isolation pro­
cedure resulting in decreased calcium transport rates in basolateral membranes 
of vitamin D-deficient rat enterocytes. Addition of proteinase inhibitors to 
the cell isolation buffer, fasting the rats at least 16 h before sacrifice or 
using the Harrison and Webster cell isolation procedure, restored full calcium 
pump activity in vitamin D-deficient rats. A comprehensive lipid analysis 
indicated that vitamin D-deficiency increased the amount of saturated fatty 
acids of the phospholipid sphingomyelin in the duodenal basolateral membrane, 
which may increase the accessibility of the Ca2+-puraping ATPase for proteolyt­
ic activity. 
In contrast to duodenum, the ileal calcium pump is probably regulated by 
1,25(0Н)20з: a cell isolation in the absence of proteolytic or lipolytic 
activity (the Harrison and Webster method) resulted in decreased calcium 
transport rates in basolateral membranes of vitamin D-deficient rats. It is 
unlikely that 1,25(0Н)2Г>3 regulates the ileal Ca2 + -pumping ATPase by changes 
in the basolateral membrane lipid composition. The vitamin D hormone rather 
stimulates the synthesis of new calcium pump molecules. 
Besides the marked effects of the cell isolation method on duodenal basolater­
al membrane calcium pump activity in vitamin D-deficient rats, also jejunal 
and ileal calcium transport rates of normal diet rats were dependent upon the 
cell isolation method. Using the Stern method a 10-fold decrease was observed 
in transport rate compared with duodenum, while the Harrison and Webster meth­
od resulted in a 2-fold decreased transport rate in the more distal small 
intestine. As for duodenum of vitamin D-deficient and 1,25(0Н)20з repleted 
rats, this difference was not due to a different purification factor or 
resealing of the membrane vesicles. The cell isolation method must be affect­
ing membrane calcium pump activity. Indeed, addition of trypsin to Stern's 
cell isolation buffer indicated a higher susceptibility for proteolytic activ­
ity of the jejunal and ileal calcium pump compared with duodenum. 
Duodenal and ileal basolateral membrane phospholipid and fatty acid composi­
tion was not affected by the cell isolation method. However, membrane choles­
terol was decreased 2-fold during Stern's cell isolation procedure. Duodenal 
membrane cholesterol was independent of the vitamin D-status of the rat. In 
contrast, ileal basolateral membrane cholesterol content was increased in 
1,25(0Н)20з repleted rats. The results also indicate a lower basolateral mem­
brane fluidity in the distal small intestine in accordance with brush border 
membranes. 
The activity of ATP-dependent calcium transport along the duodenal villus-
crypt axis was highest in the mid-villus region. Basolateral membrane trans­
port activity decreased 2-fold towards the more distal small intestine. More­
over, duodenal mid-villus cells also contained the highest amounts of 
cytosolic calbindin. These results are in agreement with the view that trans-
epithelial calcium absorption is mainly localized in the maturated villus 
cells of the proximal small intestine. The results also indicate the partici­
pation of the basolateral membrane calcium pump in active calcium absorption. 
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Using the permeabilized cell technique, we were able to identify mitochondrial 
and non-mitochondrial calcium stores in duodenum and ileum. The non­
mitochondrial calcium store had a high affinity, low capacity calcium uptake 
system, while mitochondria contained a low affinity, high capacity calcium 
transporter. At least in duodenum, the non-mitochondrial calcium store has a 
complex subcellular distribution. A comprehensive subcellular membrane frac­
tionation procedure indicated several endoplasmic reticulum and Golgi mem­
branes containing high affinity calcium transport activity. 
Vitamin D-deficiency reduced the Vmax of the non-mitochondrial calcium store 
30-40% without an effect on Km. Also the calcium storage capacity of mito­
chondria, using permeabilized cells and isolated mitochondria, was decreased 
25-35%. The vitarain D hormone must have some effect on the mitochondrial cal­
cium uniporter since initial uptake rates were decreased. The results indi­
cate that mitochondrial and non-mitochondrial calcium stores are involved in 
cytosolic transport of calcium through the cell. The non-mitochondrial calci­
um stores could function as transport vehicles which extrude their contents at 
the basolateral membrane by exocytosis, while mitochondria provide the ATP 
necessary for transport. However, cytosolic calcium transport via non-
mitochondrial calcium stores could explain only part of the total transport 
pathway. The correlation of basolateral membrane calcium pump activity with 
active intestinal calcium absorption indicates that the main pathway probably 
involves binding of cytosolic calcium to calbindin, diffusion through the 
cytosol and active extrusion of calcium by the basolateral membrane calcium 
pump to the serosal side. 
In permeabilized cells of duodenum and ileum the second messenger inositol 
1,4,5-trisphosphate released within 30 sec maximally 40-50% of calcium accumu­
lated in a non-mitochondrial store. No effect was observed on mitochondria. It 
seems that also in intestinal cells the phosphatidyl inositol-protein kinase С 
system is involved in stimulus-response coupling. 
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ALGEMENE SAMENVATTING 
Calcium is betrokken bij een groot aantal biochemische reakties in het 
lichaam. Het grootste gedeelte van calcium in het lichaam is ingebouwd in het 
skelet (99%). Daarnaast is het ion belangrijk bij o.a. de spierkontraktie, 
bloedstolling, impulsoverdracht in zenuwweefsel, hormoonsekretie, en celdeling 
en -differentiatie. 
De opname van calcium uit het voedsel vindt voornamelijk plaats in de dunne 
darm. Voordat het calcium in het bloed komt passeert het ion eerst de darm-
epitheelcellen. De transcellulaire calcium flux kan worden verdeeld in 3 
stappen: influx over de borstelzoom membraan, cytosolisch transport, en efflux 
van calcium over de basolaterale membraan naar het bloed. Aangezien de calcium 
concentratie in de cel zeer laag is (±0.1 μΜ), is de eerste stap een passief 
diffusie proces gedreven door de elektrochemische gradient over de membraan. 
De bloed calcium concentratie is ±2.5 mM. Calcium moet dus naar het bloed 
getransporteerd worden tegen een elektrochemische gradient in. Daarom is in 
de basolaterale membraan een ATP-afhankelijk calcium pomp systeem aanwezig. 
Aktieve calcium absorptie vindt voornamelijk plaats in het darmgedeelte vlak 
na de maag: het duodenum. Een metaboliet van vitamine D, het 1,25(0Н)20з, 
speelt een grote rol bij aktieve calcium absorptie. Het 1,25(0Н)20з stimuleert 
de influx van calcium over de borstelzoom membraan. Een van de duidelijkste 
effekten van 1,25(0Н)20з in de cel is de synthese van een vitamin 
D-afhankelijk calcium-bindend eiwit, calbindin. Het is nog niet bekend wat 
precies de funktie van dit eiwit is. Uit vorige publikaties is gebleken dat 
het 1,25(ОН)20з ook de calcium pomp aktiviteit in de basolaterale membraan van 
duodenum villus cellen reguleert. Onze vraagstelling was primair gebaseerd op 
de vraag op welke wijze het 1,25(0Н)2Пз deze calcium pomp reguleert. In 
hoofdstuk 2 is vermeld dat cellen in verschillende stadia van ontwikkeling 
langs de villus-crypt as in het duodenum, werden geïsoleerd met een trilmeth-
ode. Met behulp van centrifugatie technieken werden basolaterale membranen 
gezuiverd. De hoogste calcium pomp aktiviteit was gelokaliseerd in het midden 
van de darmvilli. De verdeling van het cytosolische calcium bindende eiwit, 
calbindin, correleerde met de verdeling van de calcium pomp aktiviteit. De 
verdeling van calcium pomp aktiviteit in vitamine D-deficiente ratten was 
echter gelijk aan die van normale dieet ratten en 1)25(0Н)20з gerepleteerde 
ratten (hoofdstuk 4). Het bleek dat de effekten van 1,25(0Н)20з op de calcium 
pomp cel isolatie artefakten waren (hoofdstuk 4). Een cel isolatie methode 
m.b.v. citraat leidde tot lage transport aktiviteiten in basolaterale membra­
nen van vitamine D-deficiente ratten. Het toevoegen van protease remmers aan 
de citraat cel isolatie buffer, of het vasten van de ratten gedurende minstens 
16 uur, herstelde de calcium pomp aktiviteit volledig. We postuleren dat het 
1,25(011)203 de basolaterale membraan lipid struktuur dusdanig verandert dat de 
calcium pomp moeilijk bereikbaar wordt voor afbrekende proteolytische enzymen 
aanwezig in het darmlumen. We vonden een specifiek effekt van 1,25(0Н)20з op 
de basolaterale membraan lipid samenstelling van duodenum villus cellen: in 
vitamine D-deficiente ratten was het vetzuur 18:0 van sphingomyeline verhoogd 
en de vetzuren 18:1 en 18:2 verlaagd. Repletie met 1,25(0Н)2І)з herstelde de 
vetzuur samenstelling van sphingomyeline tot waarden vergelijkbaar met normale 
dieet ratten. Waarschijnlijk is de vetzuursamenstelling van sphingomyeline 
direkt betrokken bij de bereikbaarheid van de calcium pomp voor proteolytische 
enzymen. 
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In hoofdstuk 3 is beschreven dat calcium pomp aktiviteit in het duodenum van 
normale dieet ratten niet wordt beïnvloed door de cel isolatie methode. Het 
midden en distale gedeelte van de dunne darm, jejunum en ileum respektievel-
ijk, zijn wel gevoelig voor de cel isolatie methode. In cellen geïsoleerd met 
de trilmethode neemt de calcium pomp aktiviteit met een faktor 2 af wanneer we 
het duodenum vergelijken met het jejunum en ileum. De afname is echter 
10-voudig bij gebruik van de citraat methode (hoofdstuk 3). De jejunum en ile-
um calcium pomp aktiviteit was zeer gevoelig voor toevoegen van trypsine 
tijdens de cel isolatie, wat een indikatie is dat luminale proteolytische 
aktiviteit de calcium pomp afbreekt. 
Uit een uitgebreide basolaterale membraan lipid analyse bleek dat de cel iso-
latie methode m.b.v. citraat leidt tot een aanzienlijke verlaging van het in 
de membraan aanwezige cholesterol vergeleken met de trilmethode. De fosfolipid 
en vetzuur samenstelling werd niet beïnvloed door de cel isolatie methode 
(hoofdstuk 5). Aangezien cholesterol waarschijnlijk betrokken is bij een 
groot aantal fysiologische funkties van membranen, is een juiste keuze van de 
cel isolatie methode van belang. 
Het tweede gedeelte van het onderzoek betrof de mogelijke effekten van vita-
mine D op de calcium opslag kapaciteit van intracellulaire membranen, om 
inzicht te krijgen in de mogelijke rol van deze systemen bij cytosolisch 
transport van calcium door de cel. We hebben specifiek de plasma membraan van 
darmcellen gepermeabiliseerd met het detergens saponine, waardoor het mogelijk 
werd de cytosolische samenstelling nauwkeurig te reguleren. Met behulp van 
specifieke remmers werd mitochondriele en niet-mitochondriele calcium opname 
gemeten. De niet-mitochondriele membranen hebben een hoge affiniteit, lage 
kapaciteit calcium transport systeem. Deze membranen kunnen dus betrokken 
zijn in de regulatie van de intracellulaire calcium concentratie. De mito-
chondrien nemen pas aanzienlijke hoeveelheden calcium op bij een cytosolische 
calcium concentratie 3 tot 4 maal hoger dan de veronderstelde rustwaarde van 
0.1 μΜ (hoofdstuk 6). 
Vitamine D-deficientie reduceerde zowel de calcium opname kapaciteit van mito-
chondrien als van de niet-mitochondriele membranen, maar had geen effekt op de 
affiniteit (hoofdstuk 7). Een uitvoerige membraan scheidings procedure gaf 
aan dat de niet-mitochondriele calcium opname bestaat uit opname in een groot 
aantal verschillende membraan populaties. Aktief calcium transport kon worden 
aangetoond in minstens 2 populaties van het endoplasmatisch reticulum en de 
Golgi membranen (hoofdstuk 8). 
Uit de resultaten blijkt dat de basolaterale membraan calcium pomp waarschijn­
lijk betrokken is bij het cytosolisch transport van calcium door de cel. De 
pomp kapaciteit is ruim voldoende om het aanbod van calcium, mogelijk getran­
sporteerd via calbindin, te verwerken. Daarnaast lijkt de calcium pomp ook 
betrokken te zijn bij de regulatie van de cytosolische calcium concentratie. 
Naast cytosolisch transport van calcium via calbindin, is transport via niet-
mitochondriele intracellulaire membranen ook een mogelijkheid. Calcium wordt 
in de niet-mitochondriele membranen getransporteerd via de hoge affiniteits 
calcium pompen. Exocytose leidt tot afgeven van het opgenomen calcium aan het 
bloed. Een geringe verhoging van de cytosolische calcium concentratie ver­
hoogt tevens de mitochondriele calcium flux. Dit stimuleert minstens een 3-tal 
mitochondriele enzymen betrokken bij de produktie van ATP. De verhoogde ener­
gie produktie zorgt voor het in stand houden van de aktieve calcium absorptie. 
Door de regulerende rol van calcium in tal van biochemische processen moet de 
cytosolische calcium concentratie nauwkeurig worden gekontroleerd. De extra-
cellulaire binding van een hormoon aan een membraan receptor kan in de cel 
leiden tot een verhoging van de cytosolische calcium concentratie, resulter­
ende in een cellulaire respons. Deze verhoging is gedeeltelijk het resultaat 
van het vrijkomen van calcium uit intracellulaire niet-mitochondriele membra­
nen. Het signaal wat calcium vrijmaakt is waarschijnlijk inositol 
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1,4,5-trisfosfaat wat wordt geproduceerd na binding van bepaalde hormonen aan 
de plasma membraan. Zowel in duodenum als ileum villus cellen leidde toevoegen 
van inositol 1,4,5-trisfosfaat tot een efflux van calcium uit de niet-
mitochondriele membranen met 40-50% (hoofdstuk 6). Dus ook in darmcellen lijkt 
phosphatidyl inositol-proteine kinase С betrokken te zijn bij de stimulus-
respons koppeling. 
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versiteit te Nijmegen. Van januari tot en met april 1985 heeft hij gewerkt in 
de groep van dr. A.K. Mircheff, Department of Physiology and Biophysics, Uni-
versity of Southern California School of Medicine, in Los Angeles (USA). Te-
vens heeft hij een bijdrage geleverd aan het onderwijs aan studenten Genees-
kunde in Nijmegen. 
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STELLINGEN 
1. Het stimulerend effekt van 1,25-dihydroxy vitamine D3 op de 
ATP-afhankelijke Ca2+-pomp in de basolaterale membraan van de duodenum 
villus cel (Ghijsen & Van Os) is het gevolg van de celisolatie methode. 
- Ghijsen & Van Os (1982) Biochim. Biopbys. Acta 689, 170-172. 
- Dit proefschrift 
2. Van de 2 aktieve calcium transport mechanismen in de basolaterale membraan 
is de ATP-afhankelijke Caï+-pomp waarschijnlijk direkt betrokken bij de 
absorptie van calcium in de darm. 
- Dit proefschrift 
3. Het hormoon 1,25-dihydroxy vitamine D3 beïnvloedt de lipid samenstelling 
van basolaterale membranen van darmcellen, zoals ook is gevonden voor de 
brush border membranen (Rasmussen et al). 
- Rasmussen et al (1982) Fed. Proc. 41, 72-77. 
- Dit proefschrift 
4. Naast endoplasmatisch reticulum membranen bezitten ook de Golgi membranen 
van duodenum villus cellen ATP-afhankelijke Caï+-pompen. 
- Dit proefschrift 
5. De hypothese volgens Berridge en Irvine dat de inositolfosfaat cyclus de 
ontbrekende schakel in de cellulaire stimulus-sekretie koppeling is, moet 
met terughoudendheid worden beschouwd gezien de mogelijke rol van andere 
molekulen. 
- Berridge & Irvine (1984) Nature 312, 315-321. 
De door Rubinoff en Nellans beschreven experimenten tonen geenszins 
ATP-afhankelijke Ca2+-opname aan in endoplasmatisch reticulum membranen, 
daar de bijdrage van de calcium pomp in de basolaterale membraan niet is 
uitgesloten. 
- Rubinoff à Nellans (1985) J. Вjol. Chem. 260, 7824-7828. 
De opvatting van Kipps et al dat alle leden van zogenaamde zware keten 
"switch variant" families een identieke reaktiviteit met antigeen hebben 
en slechts in hun isotype van elkaar verschillen, is achterhaald. 
- Kipps et al (1985) J. Exp. Med. 161, 1-17. 
Gezien de universitaire onderwijsbelasting is het nauwelijks te 
rechtvaardigen dat de mannelijke AIO wordt opgeroepen voor het vervullen 
van de militaire dienstplicht. 
De 2-voudige stijging van het budget voor de gezondheidszorg in de laatste 
10 jaar heeft niet geleid tot een aanmerkelijke verbetering van de 
gezondheid van de Nederlandse bevolking. 
Het getuigt van weinig kollegialiteit dat gevestigde medische specialisten 
hun werkloze kollega's zo weinig kans geven. 
jmegen, 25 september 1987 Emile J.J.M, van Corven 


